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Abstract 
Selective Laser Sintering (SLS) is a manufacturing process which has emerged from 
numerous other technologies as the leading process considered viable for Rapid 
Manufacturing. SLS of polymers has found use in a wide range of industries ranging 
from aerospace to medicine. The ability to easily manufacture previously difficult or 
impossible to produce parts, without tooling, has proved invaluable. This industry 
backed manufacturing engineering PhD investigation examined material properties of 
Nylon-12 parts produced by the SLS process. 
Crystallinity relates to and determines mechanical properties in traditionally processed 
polymers. The nature of crystallinity in SLS processed Nylon-12 has been examined 
in this study and shown to be fundamentally different to that of traditionally processed 
polymers. Rather than depending primarily upon crystallisation factors such as 
cooling rate, it was shown to depend on the degree of particle melt (DPM). DPM was 
shown to be quantifiable by DSC measurements (by the degree of crystallinity and 
Core Peak Height) and distinct relationships between the quantified DPM and 
mechanical properties were found. Additionally, this study showed for the first time 
that parts remain above the crystallisation onset temperature even after build 
completion. 
This work has expanded the knowledge base of SLS by shedding light on critical 
aspects of the process. The ability to quantify the degree to which particles melt 
(DPM) provides a new level of understanding into the causes of changes in 
mechanical properties with changes in process parameters. This new understanding 
can lead to improved process modelling and could aid in the development of new 
processes and materials. DPM could be implemented into new quality control 
methods and the knowledge of post build crystallisation shows that post build cool 
down is an aspect of the build process that requires control for improved consistency 
of properties. 
vi 
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1 Introduction 
1.1 Context 
This Manufacturing Engineering PhD thesis is the culmination of a3 year industry 
supported investigative project. The project was an EPSRC funded PowderMatrix 
Faraday industrial CASE project which involves UK Research Council funding to 
bolster links between academia and industry. Therefore, such investigations have a 
focus on applicability of research findings to scenarios in industry. PowderMatrix is a 
Faraday partnership focussed on the use of particulate material in manufacturing. 
Findings of this work have been presented at numerous international conferences. 
The industrial collaborators were Solid Concepts, USA and 3D Systems, UK. Solid 
Concepts is a service bureau specialised in the field of Rapid Manufacturing and 3D 
Systems is the manufacturer of the manufacturing equipment used by Solid Concepts 
and also used for this investigation. 
The project was initially entitled 'Controlling Ductility in SLS Nylon Parts'. This 
title was chosen to reflect the initial direction of the work since one of the industrial 
collaborators had anecdotally observed changes to mechanical properties and 
particularly ductility under certain processing conditions and suggested this as an 
initial course of research. The initial title of the investigation does not reflect the 
eventual course it took. This initial work (covered in Chapter 6) and a collaborative 
study (overviewed in Chapter 7) lead to the principal hypothesis and the focus of the 
thesis. 
1.2 Thesis Structure 
The bulk of this thesis is presented in three distinct stages as illustrated in Figure 1. 
The initial stage was the literature search. The second stage was a preliminary 
investigation which focussed on a preliminary hypothesis. A key observation was 
made which led to the principal hypothesis which was put to the test in the third stage, 
the principal investigation. The principal investigation is the focus of this work. 
I 
Introduction 
Chapter I 
Rapid Manufacturing and Selective Laser Sintering 
Chapter 2 
V 
Literature Search Traditional Powder Processing Techniques 
Chapter 3 
V 
Characteristics of Polymers 
Chapter 4 
Preliminary Hypothesis and Research Objectives 
Chapter 5 
Preliminary V 
Investigation Experiments to assess effects of post build cooling 
rate on mechanical properties and crystallinity 
Chapter 6 
Principal hypothesis and Research Objectives 
Chapter 7 
V 
Principal Experiments to assess the effects of DPM on 
Investigation mechanical properties & crystallinity 
Chapter 8 
V 
Overall analysis and discussion 
Chapter 9 
Conclusions 
Chapter 10 
Recommendations for further study 
Chapter 11 
Figure I Thesis structure 
2 Rapid Manufacturing and Selective Laser 
Sintering 
2.1 Rapid Prototyping 
2.1.1 Introduction 
Selective Laser Sintering (SLS) is one of numerous advanced manufacturing 
technologies which are traditionally collectively known as 'Rapid Prototyping'. The 
first Rapid Prototyping method emerged in the late 1980s [Wohlers 2002]. Some 
ambiguity surrounds the definition of the term 'Rapid Prototyping', however there are 
two definitions that are generally accepted. The first is very general and relates, as the 
term suggests, to almost any prototyping method that operates quicker than 
historically expected [Wohlers 2002]. The second is: "A special class of machine 
technology that quickly produces models and prototype parts from 3-D data using an 
additive approach to form the physical models. " [Wohlers 2000]. This second 
definition is the 'classic' defkdtion and is what is referred to as 'Rapid Prototyping' in 
this thesis. 
As the technology has evolved, production of parts for end use has become possible, 
rather than just for prototypes. Where production of parts for end use is discussed, the 
term 'Rapid Manufacturing' arises (described later in Section 2.2). However, since 
the basic technology is essentially the same, the term 'Rapid Prototyping' is still often 
used to describe the processes/technology. 
As mentioned above, Rapid Prototyping processes are characterised by producing 
parts 'additively' which means building the parts by adding material where needed. 
This is in contrast to conventional 'subtractive' manufacturing methods which require 
the removal of material from a work piece larger than the fmal part. To put this in its 
full context, the main categories of conventional manufacturing methods into which 
most material forming manufacturing methods fall under are as follows [Cooper 
2001]: 
9 Casting 
* Forming and shaping 
o Machining 
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9 Joining 
o Finishing 
Currently all commercially available Rapid Prototyping processes build parts layer by 
layer. Thin, essentially 2D, cross sections of the part are built one on top of the other 
enabling parts to be built with geometries often impossible to achieve by machining 
and other methods. Such geometries include intricate internal structures, parts within 
parts, and very thin-wall features which are just as easy to build as a simple geometry 
such as a cube. 
Another important characteristic of Rapid Prototyping processes is that they need no 
part specific tooling to produce parts. The manufacture of tooling for conventional 
manufacturing processes is expensive and time consuming. The lack of tooling 
therefore means Rapid Prototyping processes can offer advantages from both time and 
direct cost points of view. 
Numerous Rapid Prototyping systems exist on the market today and these can 
generally be divided into two groups [Cooper, 2001] which are 'Concept Modellers' 
and 'Functional Modellers'. 
These can briefly be described as follows: 
Concept modellers generally offer advantages in speed and cost but the parts 
produced generally have inferior physical strength characteristics. For this 
reason they are primarily used for creating prototypes for concept/aesthetic 
appraisal only. 
Functional modellers can generally build parts that are larger, more accurate, 
and with superior mechanical properties. Therefore they are widely used for 
the creation of 'functional prototypes' where the prototype must have certain 
or all properties of the final end use part. Due to these characteristics it is 
systems within this class that are predominantly used for Rapid 
Manufacturing. 
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2.2 Rapid Manufacturing 
2.2.1 Introduction 
In essence, Rapid Manufacturing (RM) is the use of Rapid Prototyping processes to 
produce end use products, rather than prototypes. Hopkinson et al [2006] defmed RM 
as 'the use of a computer aided design (CAD)-based automated additive 
manufacturing process to construct parts that are used directly as finished products or 
components'. RM has already found numerous uses for production' of parts in 
relatively small quantities and where production of certain geometries is not feasible 
with conventional methods. Notable examples are hearing-aid bodies, Formula 1 race 
car components and air ducts and related parts for aircraft. These are discussed 
further in section 2.2.2. 
The capabilities of Rapid Prototyping and RM techniques have resulted in numerous 
changes to the traditional Product Design Process. One of the main problems 
encountered in the traditional Product Design Process is that of designers creating 
geometries in designs that are difficult to manufacture which have to be corrected 
resulting in high inefficiency during production. Concurrent engineering tools such as 
Design For Manufacture do exist to help overcome these problems by guiding 
designers and making them aware of the particular geometry manufacturing 
limitations right at the start [Hague et al, 2003]. However with RM such geometrical 
limitations are greatly reduced which means there is less chance of the designer 
creating problematic designs in the first place: there is far greater 'design freedom'. 
Since tooling is not needed the design does not need to be finalised at such an early 
stage in the Product Design Process. Also, unlike with conventional methods, costs 
are independent of design complexity [Hopkinson & Dickens, 2001]. Another aspect 
is the ability to produce large numbers of customised products [Hague et al, 2003]. 
It has been predicted that as Rapid Prototyping and dedicated RM technology evolves 
RM will be able to compete with current mass production techniques such as injection 
moulding and metal casting and that this will revolutionise the manufacturing industry 
[Stocker, 2002]. Already it has been demonstrated that it is economically feasible to 
use existing commercial Rapid Prototyping systems to manufacture parts in quantities 
up to 14,000 [Hopkinson & Dickens, 2001]. Another study found that it was more 
economical to produce a particular part by SLS than injection moulding in qtIantities 
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up to approximately 8,000 [Ruffo et al, 2006]. The same author conducted studies for 
various parts and the break even points ranged from 35 to approximately 16,000 parts 
[Ruffo, 2006]. 
Much research is currently being conducted in the field of RM. In order for RM to 
become more widely used for end use manufacture, problems in certain areas have to 
be addressed. The areas of particular importance are: 
Improving mechanical properties 
Improving process speed 
Improving accuracy 
Improving surface finish 
Reducing costs 
The Rapid Manufacturing Research Group at Loughborough University, UK is a 
notable example of a body carrying out research in the development of existing Rapid 
Prototyping technology for RM use. Other universities or institutes investigating RM 
include The University of Texas at Austin (USA), TNO Science and Industry (The 
Netherlands), The University of Liverpool (UK), FHS St. Gallen - University of 
Applied Sciences (Switzerland), Massachusetts Institute of Technology (USA), Leeds 
University (UK) and De Montfort University (UK). 
2.2.2 Example applications 
There are already numerous existing applications of RM and some of these are 
mentioned below. 
RM technology is used to manufacture custom fitting hearing aid bodies by 
companies such as Siemens Hearing Instruments Inc. and Phonak Hearing Systems 
[Caloud et al, 2002]. '3D imprints' of an individual's ear are obtained using 3D 
scanning equipment. This data is then used to create a custom fitting hearing aid body 
(using Stereolithography or Selective Laser Sintering processes) into which the 
electronics are installed as shown in Figure 2. 
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Figure 2 Rapid Manufactured Hearing aid body 
RM technology is used by various teams in Formula I racing including Jordan, 
Toyota Motorsport, Renault and Williams [Tromans, 2006; Dean, 2006]. The Renault 
Formula I race car, shown in Figure 3, includes a number of parts built by RM. 
Such parts include air ducts and aerodynamic fins, shown in Figure 4. The 
WilliamsFl car contained approximately 20 selective laser sintered parts in the 2006 
Formula I season which included electrical enclosures, cooling ducts and the antenna 
housing, which was previously produced by hand-laying Kevlar [Dean, 2006]. 
Figure 3 Renault Formula 1 race car [Renault, 20061 
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Figure 4 RM parts used on the Renault Formula I race car 
RM has found various uses in the Aerospace industries. On-Demand Manufacturing 
(ODM) was a Boeing owned subsidiary sold to RMB Products in 2005 [RMB 
Products, 2006]. RMB specialises in producing polymer parts, notably by rotational 
moulding for aerospace use. ODM used SLS to manufacture parts such as air ducts 
for the F-18 Military jet [DeGrange, 2003], shown in Figure 5. The part count of 
these complex products was greatly reduced. Figure 6 depicts the redesign of such a 
part. The original part count is 16 parts including fasteners but the redesign is one 
part. The use of such parts resulted in a 20% weight saving over the replaced parts 
and a 25% system level cost reduction [Wooten, 2006]. 
Figure 5 Boeing F/A-18 Super Hornet military aircraft [Venik's Aviation, 20061 
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Original design 
Redesign, for RM 
-D Original source: 3D Systems 
Figure 6 Redesigned air duct for RM [Hague, 20061 
Advatech Manufacturing, a division of Butler Tool & Design, produces certain end 
use products by SLS to fit on civilian aircraft such as the Grumman Tiger single 
engine aircraft'. This model of aircraft, shown in Figure 7, has been in production 
since the mid 70s and is still a popular aircraft among private aircraft users [AYA, 
2006]. 
Figure 7 Grumman Tiger single engine aircraft [Porter, 20001 
Butler, J., 2006, Butler Tool & Design, Inc., Advatech Manufacturing, private communication 
(email), November 2006 
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Example replacement parts which were redesigned and built by SLS are shown in 
Figure 8 and Figure 9. Figure 8 shows a windshield defroster. The original part 
consisted of three components and six rivets [Wohlers 2006]. The part was 
redesigned as one part produced by SLS and included the addition of an integrated 
hose clamp. Figure 9 shows a 'Fresh Air Vent for a Grumman Tiger single engine 
airplane'. This part was redesigned with improved functionality over the original 
with improved ability to direct the flow of air2. 
Figure 8 Conventionally produced (left) and selective laser sintered (right) windshield defroster 
for Grumman Tiger aircraft 
Figure 9 Conventionally produced (left) and selective laser sintered (right) fresh air vent for 
Grumman Tiger aircraft 
2 Butler, J., 2006, Butler Tool & Design, Inc., Advatech Manufacturing, private communication 
(email), November 2006 
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2.3 Selective Laser Sintering 
Selective Laser Sintering is currently the most common process used for RM 
[Wohlers, 2006] and produces parts by selectively sintering individual layers of 
powder material. It uses a wide range of materials (polymers, metals, ceramics) and 
can produce parts with good mechanical properties. In addition the process does not 
require the supports for overhanging features found in most RP processes. For these 
reasons there is much research currently being conducted into the use of SLS for RM. 
2.3.1 Build procedure 
2.3.1.1 Powder preparation 
SLS Nylon-12 powder does not need to be dried as is needed with some other 
processes such as drying of Nylon prior to injection moulding. Some preparation for 
SLS may be necessary however which is described below. 
The SLS process results in a lot of 'used' powder left over from every run. This is 
mainly from the overflow bins and from the part cake (illustrated in Figure 10, 
described later), after part removal. Also, when the machine requires emptying, 
powder is removed from the part build and feed cylinders. The powder can be reused 
but a certain amount of degradation occurs, depending on the location in the machine 
and how many times the powder has been used. This degradation may be due to 
increased molecular weight which hinders the sintering process as described later. 
With repeated builds of used powder, part quality and indeed the ability to build 
reduce [Gomet et al, 2002; Gomet & Davis, 2004]. 
From a technical perspective it would seem ideal to only build with virgin powder but 
the powder is currently expensive and so this is normally only used for research and 
development purposes. It is standard practice in industry to mix used powder with 
virgin powder. This was originally performed using predefined proportions however 
this does not eliminate the problem of variation in properties. An alternative is to 
analyse powder using Melt Flow apparatus to determine specificl mixing proportions 
for each individual batch to achieve repeatability between batches. This works by 
measuring the flow rate of molten plastic to indicate the molecular weight which is 
considered a good indicator of relative powder quality [Gomet et al, 2002]. It should 
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be noted that the melt flow procedure measures the effects of shear stress which 
would not occur to such an extent during the SLS process. 
2.3.1.2 Build process 
Prior to a build, a CAD model must be created and the data processed correctly. The 
steps in this procedure are as follows: 
CAD model generation 
Conversion to STL file format (generic surface model format) 
Pre-processing (STL file repair, build platform set-up etc. ) 
File transfer to SLS machine 
Standard procedure in SLS is to deposit a certain amount of powder during the warm 
up stage, which precedes the build process, and to deposit a small amount of powder 
afterwards during the cool down stage. The heights associated with these are 
typically 12mm and 2.54 mm for warm up and cool down respectively. 
The build process is outlined below and illustrated in Figure 10. Figure 10 also 
includes a photograph of the 3D Systems Vanguard SLS machine with the 
approximate location of the illustrated build process area indicated. 
1. Layer of powder deposited across part-build cylinder. 
2. Laser 'draws' cross-section matching corresponding layer in STL file, bonding 
particles and fusing to the previous layer. 
3. Platform in part-build cylinder moves part downwards a layer. 
4. Roller mechanism deposits another powder layer and steps 1-4 repeated. 
Regarding the function of the laser, the powder is preheated in the powder feed 
cylinders and the part bed is also preheated so that the powder is at an elevated 
temperature just below the melt temperature. This heating is started during the warm- 
up stage mentioned above. The function of the laser is therefore to selectively 
increase the temperature of powder from the part bed temperature above the melt 
temperature rather than to heat the powder from room temperature. This is discussed 
further in section 6.1. 
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Figure 10 Photograph of 3D Systems Vanguard SLS machine and schematic illustration of SLS 
process 
After the build process completes, the powder and parts within the part build cylinder 
are collectively referred to as the 'part cake. Following build completion and cool 
down the part cake is removed from the machine. Then the part or parts are removed 
from the part cake and loose powder shaken or brushed off. Post-processing such as 
bead-blasting is performed if required. 
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2.3.1.3 Build parameters 
The main build parameters over which the machine operator has control are the 
machine parameters and part placement and orientation. Machine parameters are 
'dialled in' by a trial-and-error process [Gibson and Shi, 1997]. This is partly because 
individual machines require slightly different parameters. It has been observed by the 
author of this thesis that multiple SLS machines, at the same location, will have 
different optimum parameters. There are no universally accepted specific criteria for 
choice of parameters and Gornet and Davis [2006] showed that mechanical properties 
of SLS parts produced by different users varied considerably. Important build 
parameters (using 3D Systems terminology) include Part Heater Set Point, Slicer Fill 
Scan Spacing, Fill Laser Power, and Fill Scan Count. 
Part Heater Set Point is the value registered by an infrared optical pyrometer in the 
SLS machine which monitors the temperature at the part bed surface (part bed 
temperature). The value for Part Heater Set Point and the pyrometer measured part 
bed temperature are notionally readings in degrees centigrade however the pyrometers 
need calibrating to give absolute readings and are typically otherwise 10-20'C out. 
The actual part bed temperature also varies across the part bed [DeGrange, 2004] 
though the part bed temperature is measured by the pyrometer from a small area only. 
The terms 'Part Heater Set Point' and the pyrometer measured part bed temperature 
are therefore differentiated from the actual part bed temperature. For typical use, 
calibration of the pyrometer is not essential since absolute values are not actually 
required though the newer SLS machines from 3D Systems (HiQ and Pro systems) do 
incorporate automatic in-process calibration of the pyrometers. For experiments 
conducted in Chapter 6 it was necessary to obtain absolute values for part bed 
temperature and so the Part Heater Set Point readings were manually calibrated, as 
described later. 
The correct required value of Part Heater Set Point for building with DuraForm PA is 
determined for a particular powder batch in a particular machine by slowly raising the 
pyrometer measured part bed temperature until the material glistens as it starts to melt 
(termed the 'glaze point') and then subtracting 12'C from this value to determine the 
Part Heater Set Point [3D Systems, 2001]. This value to subtract from the glaze point 
is supplied by manufacturers for each material and/or machine and could be affected 
by the molecular weight distribution. The Part Heater Set Point value must be 
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determined frequently since different batches of powder require different part bed 
temperatures due to slight batch to batch variation of melt temperature. 
Slicer Fill Scan Spacing is the distance in millimetres between parallel scan vectors of 
the laser. The laser scans backwards and forwards so that subsequent paths of the 
laser overlap due to the diameter of the laser and the scan spacing. For a given beam 
diameter the closer these vectors are (i. e. lower Slicer Fill Scan Spacing numeric 
value) the higher the energy input is (due to increased overlap). This is illustrated to 
scale in Figure II for scan spacing values of 0.1 7mm, 0.15mm. and 0.13mm. 
0.46mm bearn dianieter 
Scan vectors 
. ..... --- - ----- ------ ---- - ----- 
----- ----- 
0.17mm scan spacing 0.15 min scan spacing 0.13 min scan spacing 
0.23mm beam overlap 0.25mm beam overlap 0.27nim be overlap 
increasing energy input 00 
Figure 11 Slicer Fill Scan Spacing and beam overlap 
Fill Laser Power refers to the applied power of the laser as it 'fills in' the area 
contained by the geometry perimeter. Increased laser power naturally results in 
increased energy input. 
Fill Scan Count refers to the number of times the beam traverses a scan vector for one 
layer. This is by default once but can be increased resulting in increased net energy 
input. 
2.3.1.4 Post processing 
Post processing refers to additional separate operations following build completion 
and part removal from the part-cake. All post processing stages following removal of 
powder are optional and employed depending on the intended use of the parts. The 
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most common form of post processing is bead blasting which smoothens the part 
surface. Methods of post processing are discussed further in Section 2.3.3 below. 
2.3.2 Hardware 
In 1986 the first SLS machine was created, at the University of Texas at Austin, 
Texas. In 1987 DTM Corporation was founded and the SLS Model 125 machine was 
produced. The first production machine, based on the Model 125, was the 
Sinterstation 2000 and was launched in 1993 [Juster, 1994]. 
Today there are two leading manufacturers worldwide that manufacture commercially 
available SLS machines. These are 3D Systems of the United States (previously 
DTM) and EOS of Germany. Both companies market solutions to produce parts from 
polymers, metals and ceramics. 3D Systems currently produce two types of machine. 
The first is the Vanguard or the faster Vanguard HS, recently replaced by the HiQ and 
HiQ HS, which can use all 3 classes of material. The models designated HS for 'high 
speed' have a higher power laser which enables them to scan faster thus producing 
parts quicker than their lower power counterparts. The second type is the 
Sinterstation Pro series (140 and 230) which is a modular system with larger build 
volume, focussed towards RM. The Sinterstation Pro 230 currently has the largest 
build volume available, almost 1.5 times bigger than the next largest, by EOS. The 
large build volume in the Pro 230 is achieved by having a tall build, unlike the EOS 
P700 and P730 which have a wide build and use two lasers instead of one. EOS 
produces different machines for each material class (polymers, metals, ceramics). In 
this respect the 3D Systems solutions could be considered more versatile, however 
there are some critical advantages of the EOS systems. The method in which they 
produce metal parts is different. The 3D Systems machine produces a 'green part' 
requiring infiltration to achieve the final part. The process of producing the part is 
almost identical to some powder metallurgy methods the fundamental difference 
being the method in which the green part is created. In contrast, the EOS machines 
for metal (M270) can produce parts directly without the need for infiltration. Table 1. 
shows the most current SLS machine models available. The 3D Systems Vanguard 
machines are also included since a Vanguard machine was used in this investigation. 
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Company Country Machine Build Dimensions Build Common Materials 
(mm) Volume 
(X1000 
cm) 
31) U. S. Vanguard/HiQ 381 x 330 x 457 57.5 Polyamide, glass filled 
Systems Vanguard HS/ polyamide, elastorner 
HiQ HS polystyrene, foundry sands, 
stainless steel 
SinterstationPro140 55Ox55Ox460 139.2 Polyamide, glass filled 
polyamide 
Sinterstation Pro 230 550 x 550 x 750 226.9 Polyamide, glass filled 
polyamide 
EOS Germany FORMIGAP100 200 x 250 x 330 16.5 Polystyrene, polyamide, 
glass filled polyamide 
EOSINT P390 340 x 340 x 620 71.7 Polystyrene, polyamide, 
glass filled polyarnide 
EOSINT P700/P730 700 x 380 x 580 154.3 Polystyrene, polyamide, 
glass filled polyamide 
EOSINT M270 250 x 250 x 215 13.4 bronze-based, steel-based 
EOSINT S750 720 x 380 x 380 104.0 Resin coated sand 
Table 1 Current SLS machines [3D Systems, 2004,2006a, 2006b; EOS, 2005(a-c), 2007(a-c)] 
2.3.3 Material properties of SLS polymer parts 
Reported properties (excluding mechanical properties) of polymer materials typically 
used in 3D Systems machines are shown in Table 2. 
Manufacturer supplied mechanical properties for commercially available SLS 
polymer materials are listed in Table 3. Many of the reported tensile strength and E- 
modulus values are comparable with traditionally processed parts but elongation 
values (indicating ductility) are generally far lower. This, as well as the initial 
directions of the industrial collaborators, led to the literature review focussing on the 
elongation and ductility of materials in this thesis. 
DuraForm PA was used in this research project. DuraForm PA is a Nylon-12 powder 
available from 3D Systems[Childs and Tontowi, 2001; Shellabear, 1998] whereas PA 
2200 is Nylon-12 supplied by EOS [EOS 2005d]. 
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Material DuraForm PA DuraForm GF DuraForm AF CastForm DuraForm 
Flex 
Type of Polyarnide Glass-filled Polyamide- Polystyrene Elastomeric 
material powder polyamide alun-Anium powder plastic powder 
powder powder 
Notes Good thermal High-durability Cast aluminium Performs Rubber-like 
stability and material; good look with almost performance to 
chemical thermal excellent identically to simulate 
resistance stability and surface finish foundry wax for gaskets, hoses, 
chemical detail, and wear shell seals; can be 
resistance resistance investment coloured or 
casting pressure-sealed 
with infiltrants 
Tap density 0.59 0.84 0.89 0.46 0.44 
(g/cm) 
Average 58 48 Not available 62 85 
particle size 
(ILM) 
Specific gravity 0.097 1.4 Not available 0.86 Not available 
at 20* C 
Melting point 184 185 Not available Not available 192 
(1, C) 
Cost of raw 132 88 Not available 132 Not available 
material ($/kg) 
Table 2 3D Systems SLS powder properties [Wohlers, 20061 
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Tensile 
strength (MPa) 
E-modulus 
(MPa) 
Elongation 
at break 
3D Systems DuraForm PA 44 1,600 9 
DuraForm GF 38 5910 2 
DuraForm AF 35 3960 1.5 
DuraForrn EX 48 1517 47 
DuraForm Flex 1.8 7.4 110 
DuraForm Flex (infiltrated) 2.3 9.2 151 
CastForm (infiltrated) 0.3 1604 Not available 
EOS PA 2200 45 1700 20 
PrimePart 47 1700 15 
PA 3200 GF 48 3200 6 
PrimeCast 100 1.2 1600 0.4 
PrimeCast 100 (infiltrated) 5.5 1600 0.4 
Alumide 45 3600 3 
CRP Technology WindForm GF 48 4410 2.5 
WindForm PRO 53 4960 2.9 
WindForm PRO B 47 3610 3.8 
WindForm XT 78 7320 2.6 
Solid Concepts NyTek I 100/110013 (max) 52 1900 45 
NyTek I 100/110013 (min) 41 1390 12 
NyTek 1200 CF (max) 66 2900 3.6 
NyTek 1200 CF (min) 28 
Table 3 Manufacturer supplied mechanical properties [3D Systems, 2007; EOS, 2005d; 3T RPD, 
2007; Windform, 20071 
It is possible in theory to laser sinter most thermoplastic polymers though different 
polymers respond more favourably than others when considering the requirement to 
build parts comprised of multiple layers. Those polymers that have been determined 
to be suitable for SLS must be treated differently depending on whether they are 
amorphous or (predominantly) crystalline i. e. semi crystalline. Kruth et al [2003] 
describe the differences between amorphous and semi crystalline polymers in relation 
to SLS. Amorphous powders (predominantly polycarbonate in SLS) can produce 
parts with very good dimensional accuracy and feature resolution. However, since the 
particles do not completely consolidate, the resultant parts lack strength and durability 
compared with parts built from crystalline material [Kruth et al, 2003; Dickens et al. 
2000]. SLS crystalline materials are heated to their melting temperature whereas 
amorphous materials do not melt and instead the critical sintering temperature for 
amorphous polymers is the glass transition temperature. Melting and the glass 
transition are discussed further in Chapter 4. 
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Semi crystalline polymers (predominantly Nylon-12 and Nylon-11) can be 
successfully sintered and it has been reported [Tontowi and Childs, 2001] that it is 
possible to achieve fully dense parts with respect to porosity. However, with SLS of 
semi crystalline polymers shrinkage during crystallisation hinders production of 
accurate parts [Shi et al, 2004]. For this reason it is essential that for materials to be 
processed by SLS the melt temperature must be considerably higher than the 
crystallisation temperature so that crystallisation can be delayed and reduced during 
the build process [Scholten & Christoph, 2001] to allow new layers to bond to 
previous layers with a more homogenous microstructure. A high enthalpy of fusion is 
also preferable to prevent melting of powder particles local to the particles targeted by 
the laser due to conduction of heat. In addition, during laser sintering, a narrow melt 
temperature range in combination with a low melt viscosity is required to achieve the 
necessary level of fluidity very quickly without inputting excess energy [Scholten & 
Christoph, 2001] 
Shi et al [2004] investigated the effects of powder molecular weight, percentage 
crystallinity and particle size on part properties. Molecular weight is one of the most 
important characteristics in describing polymers in general [Boyd & Philips, 1993] 
and the weight-average molecular weight (Mw) affects the melt viscosity directly. 
The relationship is described in Equation 1. As mentioned in 2.3.1.1 the Melt flow 
procedure is used to characterise melt viscosity by the melt flow index (MFI). High 
NEI is associated with low viscosity. 
ilo = k(M 
On 
110 = melt viscosity 
constant 
n=I (if MW < critical molecular weight 
= 3.4 (if Mw > critical molecular weight 
Equation 1 melt viscosity and molecular weight [Shi et al, 20041 
Shi et al [2004] sintered samples of polystyrene powder of different MFI and found 
that lower MFI (higher viscosity) resulted in parts of lower density. SEM 
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micrographs showed improved particle consolidation with the higher MFI (lower 
viscosity) sample as shown in Figure 12. 
Figure 12 SEM micrographs of selective laser sintered Polystyrene. (a) High MFI (low viscosity) 
(b) Low MFI (high viscosity) [Shi et al, 20041 
The pre-process percentage crystallinity of Nylon-12 powder and its effect on part 
accuracy was also investigated. It was found that the accuracy of samples was 
affected mostly by 'crystal shrinkage' (as opposed to 'sintering shrinkage' and 
'temperature shrinkage'). Shrinkage was measured and it was found that the greater 
the percentage crystallinity, the greater the shrinkage. This shrinkage is specifically 
due to the sudden drop in specific volume below the melt temperature with crystalline 
polymers [Gibson & Shi, 1997]. Above a certain degree of crystallinity parts 
distorted so much that shrinkage could not be measured. Warping of parts produced 
from two different grades of Nylon-12 powder was also investigated and a notable 
difference was found between the two. This was attributed to the difference, on a 
DSC (Differential Scanning Calorimetry) curve, between the melting peak and the 
crystallisation peak. If the crystallisation peak was significantly lower than the 
melting peak the parts would remain liquid for a while during cooling however with 
the crystalline peak close to the melting peak the parts would solidify quickly 
resulting in accumulation of stress and distortion of parts. The difference between the 
melting and crystallisation peak temperature is illustrated in Figure 13. Figure 13 
shows a DSC trace for DuraForm PA Nylon-12 which is designed for SLS and 
therefore exhibits a large difference. 
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Figure 13 DSC curve for Nylon-12 SLS powder showing difference between melt and 
crystallisation temperatures 
Work has been conducted on the effects of particle size and size distribution on part 
properties. Ho et al [2003] showed that, for polycarbonate powder, part density 
increases with decreasing particle size and also increases with increasing quantities of 
fine graphite powder blended in (up to 5% total mass). The absorbtance, that is the 
degree of radiation absorption, was also shown to increase with graphite and this is of 
importance since the higher the material absorbtance, the lower the laser power 
required. Shi et al [2004] found that, for polystyrene too, part density and accuracy 
increases with decreasing particle size. However, they also found that very small 
powder particles cause difficulties with spreading of powder and so an optimum must 
be found. This diameter was suggested to be in the range of 75 - 100 
Moeskops et al [2004] investigated tensile creep behaviour of Nylon-12. They found 
SLS processed Nylon- 12 to be less affected than injection moulded Nylon- 12 and that 
it may be possible to predict the creep behaviour for II years. 
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Considerable attention has been paid to process parameters and modelling. Both 
mechanical properties and appearance are influenced by process parameters but with 
SLS it is generally accepted that it is not possible to achieve the highest quality 
appearance with the best mechanical properties and so a balance is required. Tontowi 
& Childs [2001] investigated the effect of powder bed temperature on density of 
Nylon-12 parts. They showed that part density increased with part bed temperature 
with fully dense parts achievable and that part density varied with bed position, 
apparently due to bed temperature variation. However, high part bed temperatures 
can result in 'growth' as surrounding powder bonds to the part resulting in poor 
surface finish and accuracy [Juster, 1994]. Gibson & Shi [1997] investigated the 
relationships between the various parameters and general material properties. They 
observed that the fill laser power can play an important role in altering porosity since 
it controls the viscosity of the powder as it is sintered. The less viscous the material, 
the lower the porosity i. e. greater density. However, too high a fill power can cause 
sheer stress between layers and possible curling or part distortion. Tensile test 
specimens were built using various sets of parameters. Decreasing scan speed, scan 
spacing and increasing laser power increased density and tensile strength. Higher 
scan spacing (distance between parallel laser scans) was found to reduce density and 
tensile strength. 
Various work has looked at part placement within builds. Saleh et al [2002] and 
Gibson and Shi [1997] showed considerable variability of mechanical properties for 
different part orientation and parts built in different locations in the build volume 
within the same build. Part orientation affected properties so that parts built in the z- 
axis (i. e. tensile specimens standing vertically) were weaker than those built parallel 
with the x or y axis. It has been demonstrated that parts built central to the build 
volume yield improved properties [Saleh et al, 2002; Tontowi & Childs, 2001]. 
The energy applied per unit area by the laser can be indicated by the 'energy density' 
also known as the 'Andrew number' [Lu et al, 2001]. The energy density equation 
relates the laser parameters Fill Laser Power, Beam speed and Slicer Fill Scan 
Spacing and is shown in Equation 2. 
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ED =P BS x SS 
ED (jlmm 2): energy density 
P: Fill laser power 
BS: beam speed 
SS: Slicer fill scan spacing 
Equation 2 Energy density equation 
Numerous authors have described effects of build parameters on material properties in 
SLS in terms of energy density. Gill and Hon [2004] investigated the production of 
silicon carbide (SiC) polyamide matrix parts by SLS and found that higher energy 
density resulted in higher tensile strength and lower porosity but that after a certain 
value for energy density, tensile strength reduced and porosity increased. They were 
therefore able to determine an optimum energy density for their experiments. Ho, 
Cheung and Gibson [2003] processed amorphous bisphenol A polycarbonate by SLS 
and reported effects of varied energy density on the morphology and mechanical 
properties of parts produced. They found that higher energy density resulted in better 
fusion of particles and improved mechanical properties but again that excessively high 
energy density resulted in severe degradation and inferior mechanical properties. 
Tontowi and Childs [2001] researched the relationship between energy density and 
the physical density of SLS parts built from DuraForm PA Nylon-12. They 
determined a maximum possible density of parts built and then developed a model 
showing a linear relationship between energy density and powder bed temperature in 
order to maintain this maximum possible part density. This relationship is illustrated 
in Figure 14. 
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Figure 14 Relationship between energy density and powder bed temperature to maintain 
maximum part density for DuraForm PA [Tontowl and Childs, 20011 
Actual quantification of the energy supplied to the material as a function of both laser 
parameters (energy density) and part bed temperature has not been reported to date, 
even as a unit-less relative quantity. This is presumably because of the complexity of 
the problem due to 2 energy sources (part bed heat and the laser) and hence the need 
to determine the relative effects of these compared with each other which is absent 
when considering only one energy source (the laser). 
Ghanekar et al [2003] investigated the selection of optimum parameters by applying 
'D-optimality' criterion to a series of factorial experiments. For a selected example 
part they specified the importance of certain criteria (such as tensile strength and 
dimensional accuracy) and were able to determine appropriate build parameters to 
achieve these. 
As mentioned in Section 2.3.1.4 a certain degree of post processing is always required 
for SLS polymer parts in that non sintered powder must be removed. It is common 
practice to bead blast Nylon parts with glass beads to improve surface finish and other 
similar methods are sometimes used. For example, polycarbonate can be sanded and 
painted with a thin coat of epoxy resin and Nylon can be wet sanded and painted. 
Various novel approaches to post processing have also been looked at. Saleh et al 
[2004] investigated electroplating of Nylon-12 parts and found that copper and nickel 
increased E-modulus, tensile strength and impact strength as well as imparting a 
smooth surface finish. Fritz et al [2002] studied cryogenic treatment of Nylon-12 
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parts due to their high crystallinity and the fact that cryogenic treatment of metals 
yields improvements in properties directly related to the crystal structure. Impact 
strength was increased as well as tensile strength though consistent results were 
difficult to achieve with the latter. Zarringhalam [2003] conducted trials into 
infiltration and post process heating of Nylon-12 parts. Heating close to the melt 
temperature resulted in increased impact strength, E-modulus, tensile strength and 
elongation at break with visible ductile failure (necking of specimens prior to failure). 
However, post process heating very close to the melt temperature caused parts to 
distort severely. 
It is common practice to blend Nylon powders with glass spheres resulting in parts 
with increased stiffness, accuracy and heat deflection properties [Childs & Tontowi, 
2001; Saleh et al, 2002]. Das et al [2003] experimented with SLS fabrication of bio- 
compatible tissue engineering scaffolds from Nylon-6 (rarely used in SLS) with some 
positive results for that application area. Nylon coated copper powder (70% 
copper/30% Nylon) can be used for injection moulding tool production without 
removal of the Nylon phase or finiher post-densification/infiltration processes as with 
some other SLS metal processes [Kruth et al, 2003; Upcraft & Fletcher, 2003]. 
2.3.4 Mechanical properties of SLS metal parts 
SLS metal parts, as with conventionally sintered parts, often suffer from increased 
brittleness (low ductility) compared with machined or other parts. By far the most 
work carried out related to increasing the ductility of SLS metal parts is that where the 
objective is related to reducing porosity. This is partly because many SLS metal 
processes inherently involve production of a porous 'green' part requiring infiltration. 
Uzunsoy et al [2003] investigated the effects of infiltration of 'Rapidsteel' parts in 
different processing atmospheres and found that this does have a significant effect on 
mechanical properties. They found that parts infiltrated in a vacuum and Argon 
atmosphere had significantly greater ductility and crack growth resistance compared 
with those infiltrated in a Hydrogen/Nitrogen atmosphere. This was mostly attributed 
to elimination of nitrides. Zhou et al [2004] investigated the possibilities of low 
temperature polymer infiltration because of limitations with, conventional high 
temperature infiltration using metals. Such limitations relate to cracks, distortion and 
shrinkage as well as generally poor surface quality. Phenolic resin, Epoxy resin and 
Acrylic resin were tried but found to offer inferior mechanical properties compared 
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with metal infiltrants. Sercombe & Schaffer [2004] investigated a novel approach to 
infiltrating by infiltrating an aluminium alloy with a second aluminium alloy. This 
was achieved by using a nitrogen atmosphere after the debinding stage to enable 
nitriding of the remaining aluminium in effect creating a hard skeleton which could 
then be infiltrated with aluminium, apparently retaining intricate parts and avoiding 
distortion. This improved wettability enabling better 'filling' of pores and hence 
greater density. Storch et al [2003] found that ductility of Rapidsteel parts was 
significantly affected by build orientation. Parts built horizontally showed almost 
double the elongation of parts built vertically. 
Tolochko et al [2003] compared characteristics of SLS of single and two-comPonent 
powders. They describe how in single-component powders a liquid phase occurs 
from the melting of the surface of the powder particles which thus joins the non- 
melted powder cores. However this requires very precise control to avoid complete 
melting of the particles. With two-component powders, the powder can be heated 
above the melt temperature of the binder component but below that of the main 
component. The liquid phase is therefore generated almost entirely from the complete 
melting of the binder component which results in easier control. In order to achieve 
parts with maximum density and thus ductility, the volume of space between the solid 
particles and the volume of liquid phase must be equal. However, high volumes of 
liquid phase can cause problems such as 'balling' where the molten particles merge 
into droplets [Tolochko et al, 2004]. They also stated that, due to the short interaction 
time between the laser and powder, solid state sintering cannot occur in laser sintering 
processes and therefore only liquid phase sintering can join particles. Solidstateand 
liquid phase sintering are discussed further in Section 3.1.2. 
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Traditional Powder Processing Techniques 
3.1 Traditional sintering of metals (powder 
metallurprv) 2.15.7 / 
3.1.1 Powder metaBurgy 
Powder metallurgy (PM) has been defined as "the study of the processing of metal 
powders, including the fabrication, characterization, and conversion of metal powders 
into useful engineering components'" [German, 1997]. The 'conversion of metal 
powders into engineering components" involves sintering and so the term powder 
metallurgy subsequently refers to the process of sintering metal powder for 
consolidation. PM therefore has similarities with SLS processing of polymers and is 
subsequently discussed further. Sintering itself is generically defined as a processing 
technique which increases the strength of a powder mass by bonding adjacent 
particles by applying thermal energy [German. 1997, Kang, 2005]. 
A wide variety of parts can be made via PM including balls used in ball-point pens, 
gears, cams, bushings, cutting tools. filters and oil-impregnated bearings [Kalpakjian 
and Schmid, 2001]. Example gears and related components made by PM are shown 
in Figure 15. 
Figure 15 Examples of typical parts made by PM I Kalpakjian and Schmid, 20011 
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The fundamental similarity between PM and SLS of crystalline polymers such as 
Nylon-12 is that both processes involve the sintering or melting of powder material to 
form solid parts. A fundamental difference between the PM and polymer SLS 
processes is that in PM the powder is completely formed into the part's net shape and 
sintered as a whole whereas in SLS of polymers the part net shape is formed and 
sintered layer by layer. 
The major stages involved in creating PM parts are preparation of the powder, 
compaction and sintering, and secondary and finishing operations. These stages are 
illustrated in Figure 16. Powder preparation involves the manufacture of the powder 
(for example, by atomization) and the addition of additives such as lubricants. 
Parts made by PM are shaped by compaction in dies. Sintering can either take place 
after the parts are compacted or during the compaction process. Also, sintering can be 
conducted under pressure after the powder has been cold compacted. Sintering is 
therefore either *pressureless' or 'pressure-assisted'. 
Cold Sintering 
Powder 
compaction Secondary & 
0 finishing 
preparation 
Hot operations 
C mpaction 
-*F(ionc. sintering) 
c 
Figure 16 Major stages in manufacture of parts by PM 
Cold compaction produces parts called 'green compacts' or 'green parts'. The green 
compact is relatively brittle until strengthened by sintering. Considerable shrinkage 
can occur at this stage depending upon the porosity of the green compact and whether 
the part is sintered under pressure or not. An alternative method is where the metal 
powder is mixed with a polymer binder which is melted during compaction resulting 
in the powder being held in a matrix. The binder is then 'burnt out' in a secondary 
operation and the part sintered (called a brown part or brown compact) and then 
infiltrated with a metal or other material with melting temperature below that of the 
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main metal matrix. SLS of metals sometimes involves a similar process where a 
I green compact" is produced layer by layer and then debound, sintered and infiltrated 
afterwards [Agarwala et al, 1995]. 
3.1.2 Sintering theory 
Figure 17 shows different categories of traditional sintering. As discussed previously, 
sintering can be categorised as 'pressureless* or *pressure-assisted'. Sintering in SLS 
does not occur under applied pressure and so is comparable with pressureless rather 
than pressure-assisted sintering. 
Sintering Processes 
pressureless pressure-assisted 
solid-state liquid phase low stress high stress 
mixed single transient persistent creep viscous 
[plastic 
phase phase liquid liquid flow flow flow 
Figure 17 Map of traditional sintering processes [adapted from German, 19961 
Figure 17 shows that pressureless sintering can be divided into two subcategories 
which are 'solid-state' and 'liquid phase'. The essential definitions of these are that 
solid state sintering occurs when the entire compact is densified in a solid state while 
liquid phase sintering occurs with the coexistence of both liquid and solid phases 
within the compact [Kang, 2005. German, 1997]. The scope of the definition of 
liquid phase sintering is far broader than that of solid state sintering since there are 
numerous potential sources for the liquid phase. The coexistence of a liquid and 
solid phase can be due to chemical reactions, partial melting, or eutectic liquid 
formation [Gen-nan, 1997]. As mentioned in Section 2.3.4 sintering of Nylon-12 in 
SLS is considered liquid phase since solid state sintering cannot occur due to the short 
laser/powder interaction time and SLS elevates the particle temperature above the 
melt temperature. 
Sintering occurs via the formation of necks between particles as shown in Figure 18 
When two particles are considered. after point contact neck growth creates a new 
grain boundary and with sufficient time the particles will start to coalesce and. 
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theoretically, eventually form a new larger particle. This transition is illustrated in 
Figure 19. 
Figure 18 Particle neck formation [German, 1997] 
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Figure 19 Two sphere sintering model [German, 19971 
3.1.3 General mechanical properties of PM parts 
Density is a fundamental concept in PM and the sintering process itself is sometimes 
alternatively referred to as 'densification' [Greetham, 2006]. It should be noted 
however that densification is not a necessary aspect of sintering since interparticle 
neck growth, with a loss of surface area, occurs in some powder compacts without a 
density change [German, 1996]. Nevertheless, German [1996] has stated that density 
is probably the most important parameter involved in the study of sintering. It relates 
to the sintering kinetics and correlates with many properties of sintered materials. 
When brought into contact with other particles, particulate material can be described 
in terms of its *packing'. The packed powder will contain voids due to the geometry 
and size distribution of the particles [Kalpakjian and Schmid, 2001]. As the particles 
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coalesce during sintering the geometry of the voids changes. Figure 20 illustrates that 
as sintering progresses and neck growth continues pore volume decreases and the 
pores become smoother. Figure 20 illustrates the case for solid state sintering but the 
same principle applies for liquid phase sintering in terms of the void geometry. A 
material which has zero voids or porosity is considered to have a density of 100%. 
The presence of porosity therefore reduces this percentage or fractional density. 
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Figure 20 Development of pore structure with sintering [German, 19971 
The presence of voids and porosity has detrimental effects on mechanical properties. 
Density correlates with many properties of sintered material including part strength 
and ductility so that increased density results in improved mechanical properties 
[Haynes, 1977; Agarwala et al, 1995. German, 1996]. There are two main factors that 
cause decreased strength with lower densities. At densities less than 80% of 
maximum density, the size of inter particle bonds is the main factor and at densities of 
over 80% it is the pore size. shape and spacing which becomes the predominant factor 
[Agarwala et al, 1995]. This relates to the fact that porosity may consist either of a 
network of interconnected pores or of sealed holes, and that interconnected pores are 
generally found with densities less than 80% of maximum density [Kalpakjian and 
Schmid, 2001 ]. 
Compaction can be carried out or improved using various methods such as rolling, 
forging or isostatic pressing. This increases part density. Categories of Isostatic 
pressing are Cold Isostatic Pressing (CIP) and Hot Isostatic Pressing (HIP). CIP 
generally uses considerably higher pressures than HIP which introduces temperatures 
typically around I 100'C. Hot Isostatic Pressing (HIP) can produce parts with almost 
100% density with good mechanical properties however the process has wider 
dimensional variation than other compacting processes. Both HIP and CIP involve 
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sealing the part and then placing the sealed part in a pressure vessel filled with fluid 
for hydrostatic pressurisation [German, 1997; Kalpakjian and Schmid, 2001]. 
3.1.4 DuctiRty of PM parts 
A study of the effects of porosity on the ductility of sintered metals [Haynes, 1977] 
derived a simple equation relating ductility and porosity (Equation 3). This was based 
on a model of sintered material from a study on cermets by Cope [1965] where a 
metallic matrix of a sintered metal was considered to be a network in which particles 
are linked together by necks. Cermets are sintered material combining a ceramic 
phase bonded with a metallic phase. In this model the individual necks behave like 
miniature tensile specimens when stressed. Haynes showed that for the purpose of 
this equation it was better to regard the matrix of sintered material as a network of 
nodes joined by branches and this allowed the concept of 'n branches per unit area of 
cross section' to be applied which aided development of the equation. 
1 2 
91,11 
=- -- 
(I + Ce 2 
8,1 = relative elongation (ductility) compared to 100% dense material 
C= fractional porosity content (I - fractional density) 
material constant 
Equation 3 Ductility as a function of porosity [Haynes, 19771 
The value of C is a measure of the sensitivity of ductility to porosity content. Higher 
values of C correspond to higher sensitivity. C generally varies between 100 and 
100,000 [Bourell, 2006]. Depending on the sensitivity of the material, the presence of 
only a few percent porosity can reduce ductility to a small fraction of fully dense 
material. [Haynes, 1977] suggested that the effect of the porosity may be influenced 
by the ability of the matrix to work harden and the resulting increase in volume of 
material in a branch that underwent deformation and thus elongation. 
Figure 21 illustrates the relationship between elongation and porosity (the inverse of 
density) for iron of various particle sizes and purity. 
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Figure 21 Porosity and elongation for pure iron [Haynes, 19771 
[Niu & Chang, 1999] modelled the effect of porosity on ductile fracture of PM 
titanium alloy. They state that ductile fracture of two-phase alloys occurs by initiation 
(at the primary particles, the titanium solvent), growth and coalescence of voids which 
nucleate at the second-phase particles (solute additives). This sequence starts because 
of the inherent presence of microstructural defects or pores and inclusions with PM 
titanium alloys and indeed all PM materials. A model of void growth based on 
Wilkinson and Vitek crack theory [Wilkinson & Vitek, 1982] was used to describe 
crack propagation in PM titanium alloy. For titanium alloys, the model was found to 
predict fairly well the fracture toughness of porous samples using data of fully dense 
samples. 
Intrinsically the tensile ductility of metals and polymers increase when tested at 
elevated temperature. However in PM it has been observed with fine grain-sized 
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alloys that tensile ductility can actually reduce at higher testing temperatures [Porr & 
Gangloff, 1994; Kim and Park, 2000]. Kim and Park [2000] suggest that rapid 
dynamic recovery during deformation in fme grain-sized materials would be more 
effective at higher temperatures and therefore decrease the ductility. This would 
'compete' with the intrinsic ductility rise with temperature, apparently surpassing it at 
higher temperatures. 
Surface texture can affect a material's ductility since pores on the surface can have a 
notch effect, leading to stress concentrations and crack propagation, particularly under 
bending [Storch et al, 2003; KalpakJian and Schmid, 2001]. The method of powder 
manufacturing will affect this. For example, water jetted iron particles are poly- 
angular and have a rough surface compared to air jetted iron powder particles which 
are smoother and rounder. 
Alexander et al [1998] compared tensile and impact properties of iron aluminide 
samples made by PM with samples made by casting. Differences in tensile properties 
were attributed to differences in fme-scale precipitation and dislocation structures, and 
the different gain sizes. Grain size (crystal size) had a significant effect on the 
ductility of PM samples with fmer grains resulting in greater ductility. 
3.2 Traditional polymer powder processing 
Methods to process polymer powder other than by SLS are now reviewed. Rotational 
moulding is discussed in most detail since it is routinely used to produce parts from 
Nylon-12, the material used in this PhD investigation and most widely used in the 
field of SLS. 
3.2.1 Rotational moulding 
Rotational moulding uses heat without high pressure to produce hollow, one-piece 
parts by rotating polymer in a mould bi-axially [Beall, 1998]. The polymers used are 
predominantly in powder form but are also, less commonly, in liquid form [Harkin- 
Jones and Crawford, 1996]. Rotational moulding described in this thesis 
subsequently refers only to the processing of powder polymers. 
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Figure 22 illustrates the basic operation of a rotational moulding machine. This 
shows a mould being filled with polymer powder. The mould is then closed and 
heated while being rotated about two perpendicular axis. The powder tumbles inside 
the mould, fusing together and coating the mould inner surface. The mould is then 
cooled while continuing to be rotated and finally the part is removed from the mould. 
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Figure 22 Principle of rotational moulding [Adapted from Crawford, 19961 
Throne [1995] states that the 'tack temperature' is a certain characteristic temperature 
of the powder above which particles start to stick to the mould surface. For 
crystalline polymers this is a few degrees above the peak melt temperature. Heat 
flows from the mould to the powder in contact with the mould surface via conduction 
which in turn heats the air within the mould by convection. Loose powder is then 
heated by conduction through the fused powder and by convection of the hot air. 
1*1 
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Crawford [1996] describes fundamental characteristics of materials suitable for 
rotational moulding as: 
Flow characteristics of the powder suitable for correct distribution within the 
mould. 
4o Flow characteristics of the melt suitable to achieve uniform wall thickness and 
to flow into complex shapes. 
* Thermal stability sufficient to withstand prolonged exposure to elevated 
temperature. 
Major materials which fulfil these requirements and are currently used for rotational 
moulding are Polyethylene (Low, Medium and High Density); Polyvinylchloride 
(PVC); Polyester; Polycarbonate; Nylon-6; Nylon-11; Nylon-12; Polyvinylidene 
Fluoride and Fluoropolymers. Certain reactive materials can also be used which are 
normally placed in the mould as low viscosity liquids 
The use of Nylons, particularly Nylon-12, for rotational moulding is now discussed 
since Nylon-12 is also widely used in SLS. Petruccelli [1996] reviewed the use of 
Nylons in rotational moulding and stated that while numerous Nylons have been 
determined suitable for rotational moulding, the most commercially successful are 
Nylon-6, Nylon- 11 and Nylon- 12. Nylon-6 provides the best resistance to oxidation 
during heating. Nylon-12 is more common in rotational moulding than Nylon-11 
which has lower falling weight impact properties. To avoid oxidation during heating, 
Nylon based resins must be blended with anti-oxidants and/or processed in an inert 
atmosphere within the mould. 
Due to its resistance to oxidation, it is possible to process Nylon-6 without an inert 
atmosphere. Nylon- II and Nylon-12, which are compounded with anti oxidants, can 
be processed without an inert atmosphere though better material properties are 
achievable with an inert atmosphere. 
Nylons used in rotational moulding are hygroscopic and will degrade if processed 
with excessive moisture [Petruccelli, 1996]. The moisture content should be no more 
than 0.2% for Nylon-6 and 0.1% for Nylon-11 and Nylon-12 for satisfactory 
performance. According to Petruccelli the equilibrium moisture absorption at 50% 
relative humidity for Nylon-6, Nylon-11 and Nylon-12 are 2.7%, 0.8% and 0.7% 
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respectively. Although Nylon-11 and Nylon-12 absorb moisture considerably less 
than Nylon-6, it may still be necessary to dry all of these powders before processing. 
It should be noted that most Nylon powder is supplied dry, in air tight containers, 
ready for rotational moulding. 
The manner in which a polymer is cooled from the molten state directly affects the 
properties of the solid state material [Michaeli, 1995]. The cooling rate during 
crystallisation of the material is the most critical factor and so is important to 
understand and control in polymer processing methods, including rotational 
moulding. Petruccelli [1996] stated that the more efficient (i. e. quicker and uniform) 
the cooling of Nylon in rotational moulding, the higher the impact strength. This 
statement conforms with fundamental Polymer science related to the crystallinity of 
polymers discussed later in section 4.2.1. Quick cooling, even quenching, of parts 
may therefore be desirable in rotational moulding and is achieved by spraying water 
onto the hot mould but care must be taken to avoid premature release of the part 
which can result in inefficient cooling and warping. An optimum cooling cycle 
should consist of the minimum cooling time in air to avoid premature part release 
followed by water cooling [Petruccelli, 1996]. A slight gas pressure introduced inside 
the mould during the cooling cycle can reduce the minimum cooling time further. 
Sometimes it is necessary to remove a part from the mould which is still relatively hot 
due to difficulty of part removal when cooler because of geometrical complexity 
[Petruccelli, 1996]. In such cases it is still possible to quench the part by immersion 
and/or filling with tap water. Quenching the inside of a 9.5mm thick Nylon-6 
specimen in this manner resulted in a 37% increase in impact strength and a further 2 
hours soak resulted in a 63% increase though the individual effects of quenching and 
water absorption (which causes plasticisation and thus increased impact strength) 
were not detennined. 
Godinho, Cunha and Crawford [1998] investigated material properties across the 
thickness of a linear medium density polyethylene (LMDPE). Crystallinity was 
shown to vary throughout parts with distance from the mould surface. Cooling rates 
at these points were calculated using readings from thermocouples. The maximum 
cooling rate of 12.53 K min7l (at the mould wall) resulted in the minimum 
crystallinity of 51.3 1% while the minimum cooling rate of 4.41 K min" (furthest from 
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the mould wall) resulted in the maximum crystallinity of 57.83%. Increased 
crystallinity was related to increased tensile and flexural properties though it was 
concluded that mechanical properties were also affected by other microstructural 
parameters. 
3.2.2 Powder coating 
Powder coating refers to various processes which involve applying polymer powder 
to a substrate, using heat to fuse particles together and to the substrate resulting in a 
uniform coating [Utech, 2002; Richart, 1995]. The main methods used in powder 
coating [Richart, 1995] are Fluidized bed coating; Electrostatic spray coating; 
Electrostatic Fluidized bed coating; and Flame spraying. 
In Fluidized bed coating, which was the first powder coating technique used, the 
powder is suspended in air inside a container. The air flows into the container 
through a porous bottom plate. Typically the part to be coated, usually a metal, is 
heated above the melt temperature of the polymer and then dipped into the fluidised 
bed causing the powder which makes contact to melt and fuse to the substrate surface 
[Richart, 1995]. 
In Electrostatic spray coating the powder is electrostatically charged and sprayed onto 
a metal part which is neutrally grounded [Utech, 2002]. The charged particles 
therefore affix to the part which is then placed in a curing oven and heated so that the 
particles melt and fuse resulting in a smooth coating. An important advantage of 
electrostatic spray coating over Fluidized bed coating is the ability to deposit thinner 
coatings. 
Electrostatic Fluidized bed coating combines aspects of the previously described 
powder coating methods [Richart, 1995]. A small amount of powder is fluidised as in 
fluidized bed coating but is in contact with high voltage electrodes which charge the 
powder particles causing them to disperse in a cloud above the fluidised bed. A 
grounded part is brought into contact with the cloud and the particles are attracted as 
with electrostatic spray coating. Similarly, the part is placed in a curing oven to 
consolidate the powder particles. 
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Flame spraying involves directing polymer powder through a flame of a hand held 
gun [Richart, 1995]. The flame is aimed at the substrate to be coated which is thus 
heated. The powder is melted by the flame and transported to the substrate by gas 
pressure. The heated substrate enables improved adhesion. Flame spraying 
equipment is often portable and so can be operated in the field unlike other powder 
coating methods. 
Both thermoplastic and thermosetting polymers are used in powder coating but the 
use, by volume, of thermosetting polymers is 15-20 times greater than that of 
thermoplastic polymers worldwide, partly because of the ability to achieve thinner 
coating thickness [Richart, 1995]. Thermoplastic polymers used for powder coating 
(which are mainly used in the fluidised bed coating method) are Nylons (Nylon- II 
and Nylon-12), Polyvinylchloride (PVC), Polyethylene, Polypropylene and 
Polyvinylidene Fluoride. 
3.2.3 'Powder metallure of polymers 
Certain polymers which are difficult to Process by conventional methods are 
commonly processed by techniques similar to those used in powder metallurgy 
[Narkis, 1995]. This involves high pressure compaction resulting in a 'green 
compact' which is subsequently sintered with heating which occurs through inter- 
particle coalescence. 
Polymers commonly processed in this way are difficult to process or cannot be 
processed by conventional melt processing methods because their melt viscosity is 
too high. Polytetrafluoroethylene (PTFE) and Ultra-high molecular weight 
polyethylene (UHMWPE) are notable examples. According to Narkis [1995] it has 
been demonstrated as feasible to sinter various thermosetting and thermoplastic 
polymers but the most suitable materials in general for the first stage, compaction, are 
high molecular weight semicrystalline polymers such as PTFE, UHMWPE, 
polyimides, polyamide-imides, aromatic polyamides and aromatic polyesters. It 
should be noted that Nylon- 12 is aliphatic rather than aromatic. 
3.2.4 Other processes 
Compression moulding is the oldest method used for producing polymer parts 
[Vlachopoulos and Strutt, 2003]. It is mainly used to process thermosetting polymers 
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and though it is possible to compression mould thermoplastic polymers this is less 
common [Crawford, 1998]. Compression moulding forms parts by compressing 
material inside mating moulds which can be heated or unheated. Cross linking occurs 
between the parts resulting in a solid part. 
Ram extrusion of polymer powders involves feeding polymer powder into an 
elongated die. A ram pushes the powder into the die's heated section, where sintering 
occurs, after which it exits the die in a continuous form [Rosenzweig, 1995]. Ram 
extrusion mostly involves no shear and is therefore suitable for processing highly 
viscous materials such as PTFE, UHMVYTE and Polymethyl methacrylate (PMMA). 
It is also suitable for processing cross linking polymers such as PPS and some 
polyimides. 
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Characteristics of Polymers 
'Polymer science' is an extremely broad topic and a comprehensive summary of this 
topic is beyond the remit of this thesis. An overview of polymer science relevant to 
SLS of polymers is therefore provided below. 
4.1 Definition of a polymer 
A polymer is defined as a substance composed of extremely large molecules, referred 
to as 'long-chain molecules' or 'macromolecules' [Campbell, 2000]. They are formed 
by polymerisation which is the linking and cross-linking of different monomers. A 
monomer is a small molecule which can be considered to be the basic 'building block' 
of a polymer. The monomer for Nylon-12 (DuraForin PA) is called laurolactam. and 
hence the polymer, Nylon-12, is also called polylaurolactam. [Rohde-Liebenau, 1995]. 
Polymers can be classified as thermoplastic or thermosetting. Thermoplastics can be 
melted and remelted and are used in SLS. Thermosets cannot be remelted due to the 
high degree of crosslinking during curing and are thus not used in SLS. 
4.2 Microscopic features /transitions 
4.2.1 CrystaWnity 
Polymers in the solid state can be described as containing either crystalline or 
amorphous regions. Crystalline regions in a polymer, known as crystallites, are 
formed when macromolecules arrange themselves in an 'orderly' manner thus 
demonstrating long range crystalline order. Amorphous regions are where 
macromolecules exist without long range order. This arrangement is often described 
as being like a 'bowl of spaghetti'. Semicrystalline polymers contain both crystalline 
and amorphous regions and amorphous polymers contain only amorphous regions. 
Polymers consisting of only crystalline regions are very rare [Elias, 1997]. The term 
6crystalline' is therefore generally, and subsequently in this thesis, used as the 
adjective to relate to crystalline regions rather than an entirely crystalline material. 
The amorphous and crystalline regions of a semi crystalline polymer are illustrated in 
Figure 23. It should be noted that while in the molten state all polymers are 
amorphous. Polycarbonate is a common example of an amorphous polymer and 
Nylon-12 an example of a semi-crystalline polymer. 
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Figure 23 Amorphous and Crystalline regions in a semi-crystalline polymer [Kalpakjian & 
Schmid, 20011 
The degree of crystallinity, often expressed as percentage crystallinity (% 
crystallinity), is the fraction of the entire crystalline phase within a specimen by mass 
[Elias, 1997]. The % crystallinity of a material can vary according to processing 
conditions and it is possible, by quenching, to obtain a purely amorphous specimen of 
a material which is normally semi-crystalline [Michaeli, 1995]. 
4.2.2 Thermal transitions 
When an amorphous region is in the solid state (glassy state) molecular motion is 
restricted to molecular vibrations and the chains cannot rotate or move in space. As 
the polymer is heated it eventually will reach its 'glass transition temperature' (TG). 
At TG the intermolecular secondary bonds (Van der Vaals bonds) are 'broken' 
allowing portions of the molecules to move relative to each other. Above TG, in the 
'liquid state', high molecular weight polymers convert to a 'rubbery' state but low 
molecular weight polymers behave more like fluids [Elias, 1997]. This fluid state is 
often described as a 'melt' even though melting has not actually occurred since only 
crystalline regions can melt. 
Above a crystalline material's melting temperature the long range order is destroyed 
and the resulting melt is an amorphous fluid, though the viscosity can be very high so 
that the melt does not visibly flow [Elias 1997]. This melting occurs when 
44 
intermolecular bonds are broken so that molecules can move freely with respect to 
each other. 
The larger each crystallite is, the higher the melt temperature required to melt it. 
Crystalline polymers contain crystallites of varying size and hence melting occurs 
over a range of temperatures [Greco and Maffezzoli, 2003]. This temperature range, 
including the peak melt temperature, can vary depending on factors such as the 
temperature the material originally crystallised at. Additionally, the measured melting 
behaviour can vary according to the methods used to determine it, such as the heating 
rate during melting. 
Figure 24 shows how the deformation behaviour of a semicrystalline polymer changes 
with increasing temperature. Below TG the amorphous regions are solid and so the 
material is relatively brittle. At TG the amorphous regions become rubbery or liquid 
(see above) but the crystalline phase remains stiff. The material therefore exhibits 
toughness and strength [Michaeli, 1995]. As the material enters the crystallite melting 
range the intermolecular forces are no longer strong enough to prevent displacement 
or sliding of molecules and hence these bonds break. Tlie crystalline phase therefore 
begins to melt and there is a sharp decrease in strength and increase in elongation. 
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Figure 24 Tensile strength and elongation of a semi-crystalline thermoplastic [adapted from 
Michaeli, 19951 
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4.2.3 Polymorphism 
Polymorphism means the presence of more than one crystalline structure [Puffr et al, 
1991]. This means that within the total crystalline content of a material, different 
crystal structures are present. The different crystal forms may result in different 
material properties and can be detected and differentiated by various analytical 
techniques due to, for example, different melt temperature ranges. The crystal forms 
present can arise as a result of the processing conditions. For example, cold drawing 
can result in the presence of a different crystal structure for a given material than 
injection moulding [Xenopoulos and Clark, 1995]. 
For Nylons the different crystal structures are labelled with the notation 'a' or ', y' 
depending upon the general crystal geometrical arrangement [Xenopoulos and Clark, 
1995]. These structures, though similar, are different for various Nylons so that, for 
example the y crystal form found in Nylon-12 is different to the y crystal form found 
in Nylon-l 1. Generally in Nylons there will exist a 'stable' crystal form which is 
most prevalent in addition to other less stable and less common crystal forms. For 
example, in Nylon-12 the y form is more stable than the cc form and always has a melt 
temperature a few degrees higher [Aharoni, 1997; Baldrian & Lednický, 199 1 ]. The 
crystal forms present in Nylon-12 (generally) and SLS processed Nylon-12 are 
discussed later in sections 4.4.3 and 4.4.4 respectively. 
4.3 Polymer characterisation 
The methods used to analyse specimens in this investigation were DSC (Differential 
Scanning Calorimetry), tensile testing and optical microscopy. These are discussed 
below. 
4.3.1 Thermal analysis 
DSC is a method of materials characterisation that falls within the broader category of 
thermal analysis. Thermal analysis, not restricted to polymers, was formally defmed 
by the International Confederation for Thermal Analysis and Calorimetry (ICTAC) as 
follows: 
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"Thermal analysis (TA) refers to a group of techniques in which a property of a 
sample is monitored against time or temperature while the temperature of the sample, 
in a specified atmosphere, is programmed " [Brown, 200 1] 
The Thermal Methods Group of the Royal Society of Chemistry defines thermal 
analysis more concisely as: 
"the measurement and interpretation of the relationship between the physical andlor 
chemical properties of a sample and its temperature" [Thennal Methods Group, 
2006] 
Exothermic or endothermic events that occur during heating or cooling, such as 
crystallisation (exothermic) or melting (endothermic) can be detected by numerous 
thermal analysis techniques. 
Modem thermal analysis is considered to have started with experiments conducted by 
the French scientist Henri Le Chatelier in 1887 [Plaats, 1992]. These experiments 
used thermocouples to measure the temperature of materials as they were heated and 
cooled. The thermocouple readings were fed to a mirror galvanometer to create 
recordings on a photographic plate. The thermocouple effect through which 
thermocouples operate had been discovered in 1821 by Thomas Johann Seebeck of 
Estonia. The mirror galvanometer, needed to sense the electric current, had been 
developed in 1826 by Johann Christian Poggendorff of Germany. 
The most important and commonly used thermal analysis techniques today and the 
properties they measure are listed in Table 4. 
Name Abbreviation Measured property 
Differential Thermal Analysis DTA Temperature difference 
Differential Scanning Calorimetry DSC Heat flow 
Thermogravimetry TG Mass 
Thermomechanical Analysis TMA Deformation 
Dynamic Mechanical Thermal Analysis DMA Storage and loss moduli 
Table 4 Major thermal analysis techniques [Plaats, 19921 
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Differential Thermal analysis (DTA) and DSC are both differential techniques in that 
sample behaviour is determined by comparison with an inert reference [Plaats, 1992]. 
This allows more accurate measurement of temperature change of the sample than if 
only the absolute temperature of the sample was measured. 
There are two fundamental categories of DSC which are heat-flux DSC and power- 
compensation DSC [Brown, 2001]. Heat-flux DSC is a direct derivative of DTA and 
was originally referred to as quantitative DTA [Plaats, 1992]. Additionally, currently 
some systems are described as employing aspects of both Heat-flux DSC and power- 
compensation DSC. To clarify, the 4 categories of system described are: 
" DTA 
" Heat-flux DSC (originally quantitative DTA) 
" Power-compensation DSC 
" DSC Systems combining heat-flux and power-compensation DSC principles 
An example of a system described as combining aspects of heat-flux DSC and power- 
compensation DSC in its design is the Shimadzu DSC-60 differential scanning 
calorimeter [Trilogica, 2006]. This was the system used in this study and so in order 
to explain its method of operation DTA, heat-flux DSC and power-compensation 
DSC are subsequently described. 
DTA, which is the simplest thermal analysis method, measures the temperature 
difference between a sample and an inert reference as the same temperature 
programme is applied to both [Brown, 2001]. The British scientist William C. 
Roberts introduced this differential aspect to thermal analysis, publishing for the first 
time a DTA curve in 1899 [Plaats, 1992]. The DTA principle is illustrated in Figure 
25. A block which can be heated and cooled at constant rates contains a sample (S) 
and an inert reference material (R). The temperature of the reference (TR) follows the 
temperature programme. The temperature difference (AT), which is measured by a 
thermocouple, remains constant until certain reactions such as melting or 
crystallisation resulting in characteristics peaks. A DTA curve therefore plots the 
temperature difference (AT) against time or the reference temperature (TR). 
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Figure 25 principle of DTA [Plaats, 19921 
As mentioned above, heat-flux DSC is similar to DTA in principle however heat-flux 
DSC adds the capability for reliable quantitative measurements to be made due to 
controlled thermal resistances within the apparatus [Plaats, 1992]. The heat-flux DSC 
principle is illustrated in Figure 26. The sample (S) and reference (R) are placed 
within pans which are placed upon a heat-flux plate. Solid specimens can be placed 
within pans which are crimped to ensure good contact between pan and specimen as 
shown in Figure 27. As the furnace is heated, the plate generates a controlled heat 
flow from the furnace wall through to the sample and reference. Temperature 
measurements are taken from the heat-flux plate directly below the pans which 
eliminates the influence of changes in the thermal resistance of the sample. This 
allows enthalpy changes in the sample to be measured. 
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Figure 26 Principle of heat-flux DSC [Plaats, 19921 
Figure 27 Crimped DSC specimen pan 
In power-compensation DSC the sample (S) and reference (R) are isolated in separate 
furnaces. Each has its own thermocouples and heaters. A temperature programme is 
applied so that both sample and reference always have the same temperature. This 
means that when the sample undergoes certain changes (such as melting which is 
endothermic) the power supplied to the sample heater must compensate for this 
change to ensure the same temperature as the reference which does not undergo the 
change. Power and therefore heat flow and enthalpy change are measured [Plaats, 
1992]. 
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Figure 28 Principle of power-compensation DSC [Plaats, 19921 
Figure 29 shows the Shimadzu DSC-60 differential scanning calorimeter and a close- 
up view of the DSC cell. The DSC cell is covered by a lid with a hole to vent 
possible gases emitted by the sample and to avoid pressure build up within the cell. 
Figure 29 Shimadzu DSC-60 Calorimeter and DSC Cell in situ 
Figure 30 shows the DSC cell removed from the calorimeter. The DSC cell is 
ostensibly designed according to classic heat-flux DSC principles. However, rather 
than a continuous uniform heat-flux plate, the heat-flux plate has portions removed so 
that the sample and reference pans each sit on regions physically isolated except for 
three thermal bridges through which heat is conducted. For the DSC cell of the 
Shimadzu DSC-60 above temperatures of 400'C transfer of heat by radiation occurs 
however below this temperature conduction through the bridges is the only significant 
method of heat transfer to the sample and reference from the furnace waI13 . These 
bridges provide a higher and more accurately quantifiable thermal resistance. 
3 Fisher, J., 2006, Triton Technology Ltd., UK Shimadzu distributor, Private communication 
(telephone), 30th August 2006 
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Figure 30 Shimadzu DSC-60 DSC cell 
Figure 31 shows a typical DSC plot (of SLS Nylon-12 powder). According to British 
Standards [BSi, 1997] temperature or time are plotted on the x-axis and heat flow 
difference is plotted on the y-axis. British Standards state that the direction 
corresponding to exothermic or endothermic is normally indicated on the plots though 
whether endothermic is up or down is not specified since there is no universally 
agreed consensus on this. According to the standards of the International 
Confederation for Thermal Analysis endothermic peaks are plotted dowmwards and 
exothermic peaks upwards [Plaats. 1992]. 
Figure 31 shows that as the Nylon-12 sample is heated between approximately 50 and 
160'C the baseline remains steady which is due to the constant heat capacity of the 
sample. At approximately 160'C the sample starts to melt and a peak starts to 
develop. The baseline must be interpolated between the start and end of the peak and 
the enthalpy change associated with melting is given by the area of this peak to the 
interpolated baseline. In Figure 31 the melting peak is well defined and the 
interpolated baseline is a simple straight line however numerous methods exist for 
baseline construction [Bro%%m. 2001] which may be required if, for example, the heat 
capacity changes significantly after the peak. The crystallisation peak during cool 
down is treated in the same manner. 
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The enthalpy change associated with melting (i. e. the heat of melting) is proportional 
to the % crystallinity and by dividing the heat of melting of the sample by the known 
heat of melting for a 100% crystalline specimen the % crystallinity value of the 
sample can be calculated [Campbell and White, 1989]. 
British Standards [BSi, 1997] state that the energy and temperature measurement 
devices of the calorimeter should be calibrated at least in accordance with the 
instrument manufacturer's recommendations. In accordance with British Standards 
and the procedure described by Shimadzu for the DSC-60 Calorimeter [Shimadzu 
North America, 2004] the DSC hardware in this investigation was calibrated for 
energy and temperature measurements using Tin and Indium samples classified as 
99.999% pure by the supplier (The Fine Work Co Ltd). Following calibration and 
also after completion of all tests the melt temperatures and heat of melting of the Tin 
and Indium, samples were checked. These were within the specified limits of 
0.5'C and +/- I J/g for all samples. 
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Figure 31 DSC trace for SLS Nylon-12 
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4.3.2 Mechanical analysis 
Tensile testing is used to determine a variety of mechanical properties such as tensile 
strength, elastic modulus (E-modulus) and elongation at break (EaB). Figure 32 
shows typical apparatus which was used in the 'principal investigation' stage of this 
study. Figure 32 also pictures optional ancillary equipment which are the temperature 
chamber (not used in this study) and contact extensometer (used in this study). The 
temperature chamber allows testing at elevated and reduced temperatures. The 
contact extensometer measures strain directly from central portion of the surface of 
the test specimen rather than using the crosshead position. This can provide more 
accurate readings since potential erroneous results arising from stress induced by 
clamping forces on the specimen and deflection of structural components of the 
machine are avoided [Ward and Sweeney, 2004]. 
The typical tensile testing procedure is as follows: 
1. Test specimen prepared (according to international standards). 
2. Variables: original gauge length and cross-sectional area measured and recorded. 
3. Specimen mounted between machine jaws. 
4. Specimen pulled apart and stress/strain recorded by controller (computer). 
0.7ru 
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Machine 
jaws 
Figure 32 Tensile testing machine 
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Figure 33 shows a typical stress-strain curve obtained from a tension test showing 
various features. 
-Stress, tT =p 41 1 A JqaStiC - 
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Figure 33 Tensile test stress-strain curve (Kalpakjian 2001) 
4.3.3 Transmitted light Optical Microscopy 
Microscopy has been defined as "the study of the fine structure, or details, of an 
object using a microscope" [Johnson, 1996]. Specimens of unfilled polymer parts, 
such as those under investigation in this thesis, are prepared by cutting thin slices 
(typically 10-50gin thick) using a microtome. These are placed between glass slides 
and, for semicrystalline polymers, typically examined using transmitted polarised 
light with magnifications from 20x to 400x [Johnson, 1996]. In transmission 
microscopy white light is transmitted through the specimen (instead of reflected off 
the surface) and contrast is produced by differences in optical density and/or 
differences in absorption of different wavelengths [Campbell and White, 1989]. 
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4.4 Nylon-12 
4.4.1 Chernical structure 
'Nylon' is the common term for linear aliphatic polyamides [Apgar and Koskoski, 
1986]. Aliphatic molecules generally consist of a backbone of carbon atoms with 
other atoms bound to this carbon chain. A polyamide is a polymer containing 
repeated amide groups [Lanska and Stehlicek, 1991]. The amide group is illustrated 
in Figure 34. 
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Figure 34 Amide group 
Laurolactam is the monomer polymerised to create Nylon-12. Hence, as mentioned 
previously, Nylon-12 is also referred to as Polylaurolactam. A variety of alternatives 
of this terminology is used such as Polyamide-12 or PA-12. The monomer 
Laurolactam is manufactured from butadiene feedstock [Rohde-Liebenau, 1995]. 
Butadiene feedstock, also known as 'crude C4' [BASF, 2004], is a by-product of 
ethylene production, separated by fractional distillation in the petrochemical industry 
[Chevron Phillips Chemical Company, 2004]. 
One repeat unit (from the Laurolactam monomer) in a Nylon-12 chain is shown in 
Figure 35. This contains 12 carbon atoms hence the notation Nylon-12. Other 
Nylons will have similar arrangements with the number of carbon atoms present 
reflected in the Nylon's name. The more carbon atoms per repeat unit, the further the 
amides will be spaced apart along the molecule and hence the lower the amide density 
will be [Apgar and Koskoski, 1986]. Amide density affects moisture absorption, 
discussed below in Section 4.4.2. 
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Figure 35 Nylon-12 repeat unit in a Nylon-12 polymer chain 
4.4.2 Effects of Moisture 
Amide groups are polar and able to hydrogen bond to various entities including water 
[Apgar and Koskoski, 1986]. The amide density therefore determines the extent of 
moisture absorption i. e. its degree of hygroscopicity. The absorption of water by 
Nylons can negatively effect processing [Khanna et al, 1996] and alter numerous 
material properties including improved toughness but lower tensile strength and 
flexural modulus [Petruccelli, 1996]. 
Lower amide density results in lower moisture absorption at a given time, temperature 
and humidity [Apgar and Koskoski, 1986]. Low amide densities are found in Nylon- 
12 and hence Nylon-12 is characterised by very low moisture absorption [Ahroni, 
1997; Apgar and Koskoski, 1986]. The equilibrium moisture absorption of Nylon-12 
is 0.7% - 0.8% at 50% relative humidity and 1.4% - 1.6% immersed in water at room 
temperature [Petruccelli, 1996; Rohde-Liebenau, 1995]. Nylon-6 by comparison is 
considerably more hygroscopic with equilibrium moisture absorption (at 50% relative 
humidity) of 2.7% and 9.5% when immersed in water [Petruccelli, 1996]. 
As mentioned in section Error! Reference source not found., for rotational 
moulding the moisture content of Nylon-12 powder prior to processing should be no 
more than 0.1%. Powder is supplied dry in sealed containers but if left for extended 
duration exposed to the atmosphere it may be necessary to dry at 80'C [Petruccelli, 
1996]. For injection moulding the moisture content should also be less than 0.1% 
[Sibila et al, 1995]. In SLS the manufacturers and material suppliers have not put 
forward recommendations relating to drying powder and no literature is available 
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relating to effects of moisture on processing. In SLS, powder is preheated within the 
machine under an inert atmosphere prior to processing. Also, during processing each 
layer is directly in contact with the heated inert atmosphere immediately prior to 
spreading over the powder bed which is considerably hotter than the recommended 
80'C (discussed later in section 6.1). This may negate the need for drying the powder 
before processing, if drying was required, since the powder is effectively dried during 
processing. 
4.4.3 Crystal forms of Nylon-12 
As mentioned in section 4.2.3, for Nylon-12 the y form is more stable than the a form 
and always melts at a higher temperature. It has been demonstrated that under the 
majority of processing conditions the liquid phase will crystallise to the y form, which 
is therefore the most commonly found crystal form in Nylon-12. However, certain 
conditions do result in the a form. These have been reported as solution casting (at 
atmospheric or reduced pressure, below 901C) [Ishikawa & Nagai, 1980a], drawing 
just below the melt point and high pressure crystallisation [Ramesh, 1999]. It has 
been demonstrated that the proportions of a andy form can be altered (from 0-100% 
for each) by controlling the thermal history [Ishikawa & Nagai, 1980a; Rohde- 
Liebenau, 1995]. Different variations of the a andy crystal forms have been created 
depending on processing conditions and these can be transformed from one to another 
by numerous methods depending from which and to which crystal form the material 
will be transformed [Ishikawa & Nagai, 1980b; Mathias & Johnson, 199 1; 
Ramesh, 1999; Xenopoulos & Clark, 1995]. Studies reporting melting points for the y 
form were reviewed by Aharoni [1997] and values ranged from 172C to 185"C with 
most data points close to 179*C. The melt point of the less common a form has been 
reported as ca. 173*C [Ishikawa & Nagai, 1980a]. 
4.4.4 Crystal forms of SLS Nylon-12 powder 
SLS Nylon-12 powder is obtained by dissolving polyamide-12 in ethanol under 
pressure at elevated temperatures followed by slow crystallization thereby forming 
crystals with a relatively high melting point in the region of 190T and a relatively 
high heat of melting [Dickens et al, 2000; Scholten & Christoph, 2001]. DSC 
analysis of Virgin SLS powder in this PhD investigation showed a single melting 
peak with a peak melt temperature of -185T (Figure 38, section 6.1). The crystal 
structure of SLS Nylon powder or parts has not previously been reported, however the 
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slow cooling rate during production would likely result in the virgin powder being 
comprised of relatively large crystals. The production process for SLS Nylon-12 does 
not meet the requirements for formation of the a crystal form described previously 
and the high melt temperatures measured indicate they-form. 
Ishikawa and Nagai [1980a] demonstrated that a single endotherm in a DSC test on 
Nylon-12 is only characteristic of a sample containing 100% y crystal form since 
samples consisting of 100% a crystal form invariably develop a second melt peak 
during the DSC run due to recrystallisation. of a portion of the specimen to the y 
crystal form. Their test parameters were the same as those used in the present 
investigation supporting the view that the crystal structure present in virgin SLS 
Nylon- 12 powder is of the y crystal form. 
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Preliminary hypothesis and research 
objectives 
SLS of Nylon-12 (DuraForm PA: m) has proved to be a suitable RM approach for 
various niche applications including the creation of bespoke hearing aids and parts for 
Formula I racing cars. The aerospace industry in particular has adopted SLS for RM 
and some aircraft already have numerous SLS production parts as standard. 
Although the aerospace industry has recognised the advantages of SLS for RM, the 
applications are still somewhat limited. This is partly due to the mechanical properties 
of parts produced. While tensile strength and E-modulus of Nylon-12 tensile 
specimens produced by SLS is comparable with injection moulded specimens, EaB is 
significantly lower. Further to this, relatively little work currently exists in the public 
domain characterising SLS processed crystalline polymers and none exists addressing 
the issue of low EaB. 
One of the industrial collaborators on this project (Solid Concepts) observed that parts 
seemingly had greater EaB when removed quickly from the part cake instead of being 
allowed to cool for some time. Theory shows that faster cooling rate can result in 
increased EaB due to reduced part % crystallinity. Therefore, the preliminary 
hypothesis of this study was that certain variables of the SLS process (specifically the 
post build cooling rate) can be varied, to yield an improvement in EaB of tensile 
specimens. The industrial collaborators stated that the method should not add 
additional, time consuming steps. It was expected that faster cooling would result in 
lower % crystallinity and higher EaB. This is explained in Section 6.1. 
The preliminary objectives of this work were twofold. Firstly to investigate methods 
of increasing EaB and secondly to gain a greater understanding of SLS processed 
crystalline polymeric material. The successful completion of the first objective would 
itself be a direct and specific accomplishment but the completion of the second 
objective could help address further issues. 
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6 Experiments to assess effects of post build 
cooling rate on mechanical properties and 
crystallinity 
6.1 Aims and theory 
The crystalline content of a material makes it strong and stiff but also brittle. A 
completely crystalline polymer would be extremely brittle since it is the amorphous 
regions which give a polymer its toughness, that is, the ability to yield without 
breaking [Kong and Hay, 2003]. Nylon- II is similar to Nylon- 12 but is more ductile 
and has a lower modulus. Its low crystallinity is cited as an important reason for this 
[Apgar, 1995]. Bessell et al [1975] described effects of % crystallinity on properties 
of non porous semi crystalline Nylon-6. Stiffness was shown to increase 
proportionally with increasing % crystallinity while the toughness decreased. The 
fracture behaviour of the material was shown to change from brittle to ductile with 
variations in % crystallinity (see Figure 36). At 44% crystallinity the material was 
relatively brittle with EaB ca. 16% but at lower crystallinities (42-37%) the material 
became ductile with EaB values from 50-80%. At 32% crystallinity the material 
became highly ductile with EaB reaching 240%. 
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Figure 36 Stress Strain behaviour as a function of % crystallinity for Nylon-6 [Bessell et al, 19751 
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Percentage crystallinity is closely linked to processing methods and parameters since 
the cooling rate has a direct influence on crystallisation. Cartledge and Baillie [1999] 
showed that for a Nylon-6/glass fibre composite, cooling rates of 1"C/min, YC/inin 
and 60'C/min resulted in % crystallinity of 37%, 33% and 28% respectively. The 
relationship for polypropylene, another widely used semicrystalline polymer, is 
shown in Figure 37. It also illustrates that faster cooling results in lower % 
crystallinity. 
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Figure 37 Effect of cooling rate on % crystallinity for polypropylene [Michaeli, 19951 
The complete SLS build process essentially involves heating the material from room 
temperature to above the melt temperature for sintering to occur and eventually 
cooling it back to room temperature. The stages of the build process can therefore be 
related to a generic DSC plot for the material which is heated and cooled, as shown in 
Figure 38. This shows a DSC chart for SLS Nylon-12 powder. 
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Figure 38 DSC chart for SLS Nylon-12 powder 
The DSC chart for Nylon-12 in Figure 38 shows that melting during heating occurs 
between 160-194T and crystallisation during cool down occurs in the range of 152- 
132T. The glass transition (Tg) is just visible at approximately 50T. The melt peak 
is -41 T higher than the crystallisation peak and the crystallisation onset is 8C lower 
than the melt onset. In SLS this allows the material to remain fluid after being melted 
by the laser resulting in bonding of subsequent layers to each other without extra 
energy input, and reduction of the build up of internal stresses. Powder and parts are 
held at a temperature close to the melt onset during building but the precise internal 
temperature profile and whether and for how long the parts are at a higher temperature 
than the crystallisation onset is currently undetermined. Moeskops [2000] performed 
temperature logging during the SLS process and obtained results for the un-sintered 
powder but not from within parts. Thermocouples were installed within an EOS 
machine at a fixed height (3 cm) above the part bed cylinder top plate so that as the 
build progressed the thermocouples moved lower down, with more powder deposited 
on top. The results showed that during build the material was hotter towards the 
centre of the part-cake than the edges and that the temperature of the un-sintered 
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powder varied between approximately 145"C and 125'C during the 7 hour build 
stage. 
In this investigation experiments were designed with the objective of increasing EaB 
of tensile specimens by varying the cool down rates in order to reduce % crystallinity. 
Temperature logging methods (including within parts) were designed to help further 
understand the effects of variations in cooling rate on % crystallinity and mechanical 
properties. 
6.2 Methodology 
The objective of the experiments was to vary the cooling rate during the cool down 
stage and the period following that i. e. to vary the cooling rate during the 'post build' 
cool down. As shown in Figure 38 crystallisation occurs in the approximate range of 
152-132'C. The experiments were thus designed to attempt to vary the cooling rate 
within this temperature range. 
The cool down consisted of 3 phases which are listed in Table 5. These are referred 
to as 'machine', 'part-cake' and 'breakout' indicating the location of the parts during 
that phase. Following build completion (referring to a typical build) the parts were 
left in the machine to cool (machine'). The parts were then removed from the 
machine, still surrounded by the un-sintered powder ('part-cake'). After ftirther 
cooling the parts were then removed from the part-cake ('breakout') and left to cool 
further at room temperature. There are currently no strict guidelines indicating 
specific cool down duration which is normally left to user discretion. 
Phase Description 
'Machine' Specimens left in SLS machine following build completion 
'Part-cake' Specimens removed from machine while in part-cake and 
left to cool in part-cake 
'Breakout' I Removal of specimens from part-cake 
Table 5 Cool down phases 
The experiment consisted of seven tests. These were designed to test different 
cooling rates following build completion. In order to vary cooling rates the three cool 
down phases ('machine', 'part-cake' and 'breakout') were varied in each test. 
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6.2.1 Part Building 
A 3D SystemSTM VanguardTM machine was used to produce parts from 3D Systems 
DuraForrn PA Nylon- 12 powder. Virgin powder from one powder batch was used for 
all builds in this experiment. Specimens were built horizontally in the machine x-axis 
in order to conserve powder, decrease build time, and to avoid 'end of vector' issues. 
With builds initially ordered by approximate total cool down time to room 
temperature, the sequence of builds was re-arranged randomly to help avoid unknown 
time dependant issues that could cause misleading trends in results. An example 
potential issue is a theoretical gradual increase or reduction in part bed temperature if 
the pyrometer readings 'drift'. The build order is included in Table 6 which describes 
each test. 
Six tensile test specimens were designed attached to a 'snap-away' frame to allow 
removal of all specimens at once and also to guide attachment of thermocouples. 
Figure 39 shows this arrangement. Specimens for DSC testing were also built. 
'Dummy' specimens allowed attachment of thermocouples through channels into 
specimens and provided insulation for test specimens in order to prevent abnormal 
cooling due to air exposure during powder removal. The specimens were built in the 
centre of the build volume, oriented along the machine x-axis. 
Hole in dumm-, - -- 
specirnen 
Tensile test specimens 
Duaunv specimens. not tested 
abbb 
Figure 39 Specimens attached to frame, and thermocouple guides/channels 
The holes in the dummy specimens and the thermocouple channels were included to 
enable the thermocouples to be quickly located in the correct position once the build 
was completed and the machine door opened. The cool-down height was set at Omm 
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so that thermocouples could be attached at the powder bed surface. Figure 40 shows 
the positioning of the thermocouples through a cross section of the parts. 
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Figure 40 Thermocouple placement 
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6.2.2 Temperature logging 
Temperatures were logged using the machine's built-in pyrometer with the machine 
door closed and using thermocouples with the machine door open. The pyrometer 
values were corrected by blackbody calibration using the method described by Allison 
and Alexander [2004]. The calibration procedure is described in appendix 1. K-type 
thermocouples were fabricated and calibrated as detailed in appendix 2. The data 
gathered was used to calculate cooling rates and generate cool down profiles. 
6.2.3 Part Cool down 
The cool down tests were planned using 'preparatory schematic cool down curves'. 
The purpose of these schematics was to illustrate expected cooling periods and rates 
in order to plan the experiments rather than accurately represent the actual recorded 
cool down profiles. Figure 41 shows the curve for the benchmark procedure T2 
(dotted line) compared with that for T7 where the parts are quickly removed from the 
machine and part-cake (solid line). Seven tests were conducted and the cool down 
curves for all of these are included in appendix 3. 
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Figure 41 Preparatory schematic cool down curves for T2 and T7 
The tests were designed to show results for practical extremes in the 'time to 
breakout' (part removal) following build completion. TI involved the slowest 
practical cool down with the parts left inside the part cake within the machine far 
longer than during normal practice. 12 is the benchmark and represents typical part 
removal procedure. T3, T4 and T5 all involve removal of the part cake after 30 
minutes. This is the approximate time it takes for the recorded part bed temperature 
(and powder feed bed temperatures) to drop below 100*C above which the machine 
cannot be unlocked and opened due to high temperatures. For tests T3, T4 and T5 the 
time the parts are left in the part cake following its removal from the machine is 
varied. For T6 and T7 the part cake is removed quickly from the machine by 
circumventing the previously mentioned safety function of the machine. This is 
achieved by lowering the powder and parts in the part build and powder feed 
cylinders. This effectively moves the powder out of the lines of site of the machine 
pyrometers so that they instead record the temperature of the part build and powder 
feed cylinder walls which are far cooler. T7 varies from T6 by having the parts 
placed in a freezer rather than being left at room temperature. All seven tests are 
summarised in Table 6. Durations given are those estimated prior to testing. The 
actual cooling rates were calculated subsequently using the data gathered by 
temperature logging. 
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Phase duration 
Test Build 'Machine' 'Part-cake' 'Breakout' Estimated time Notes 
order to breakout 
TI 5 66 hrs n/a n/a 66hrs Parts left to cool to room 
temp. inside machine 
T2 2 2 hrs 6 hrs 4 min 8 hrs Benchmark (typical cool 
down) 
T3 4 V2 hr 3 V2 hrs 4 min 4 hrs 
T4 3 V2 hr V2 hr 4 min I hr 
T5 1 V2 hr 4 min V2 hr Parts removed from 
machine and immediately 
broken out 
T6 7 6 min n/a 4 min 6 min Parts removed quickly 
after build completion 
T7 6 6 min n/a 4 min 6 min Parts removed quickly 
after build completion & 
f placed in freezer 
Table 6 Test descriptions 
6.2.4 Measurement of mechanical properties 
The tensile test specimens were built to ISO 527-2: 1996 IA. Prior to testing the 
specimens were conditioned for at least 88 hours at 23±2"C and 50±10% relative 
humidity. Parts were tested by Rapra Technology, a UKAS accredited testing 
laboratory. E-modulus was measured at Imm. /min and specimens were then tested to 
failure at 5mm/min. Strain was measured using a video extensometer. 
6.2.5 DSC analysis 
DSC was used to measure thermal transitions and % crystallinity. Samples were cut 
from the centres of DSC specimens. Samples were placed in aluminium crimp pans 
and sample weight was 12±3 mg. Samples were heated at IO'C/min from room 
temperature, held at 220*C for 2 minutes and then cooled at IO'C/min. 5 samples 
were tested for each cool down test and the results averaged for % crystallinity values. 
6.3 Results & discussion 
6.3.1 Cooling rate 
Figure 42 - Figure 48 show temperature logging during the first 6 hours of cool-down 
following build completion for each of the seven tests (TI-T7). These cool down 
profiles show data from the pyrometer within the machine while the machine was 
closed (corrected using blackbody calibration) and then data from thermocouples 
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(TC) attached after the machine was open. In practice each channel had to be cleared 
of powder using a miniature drill. No valid data was collected in the period between 
opening the machine and inserting the thermocouples and there is a slight 
discontinuity between the fmal surface value reading of the IR sensor and that of the 
thermocouple because the thermocouple tip was below the surface where the 
temperature was up to 201C higher. Also, the thermocouples were closer to the centre 
of the bed which is hotter than the rear portion of the part bed from where the 
pyrometer reading is taken. 
Figure 42 shows the cool down profile for TI where the parts were left to cool in the 
machine for over 2 days. Since the machine was not opened during this time, 
temperature readings are only included from the machine's infrared sensors. These 
results are superimposed in subsequent cool down profiles for comparison. Figure 42 
and all the other cool down profiles show that at build completion the powder bed 
surface is approximately 8"C above the crystallisation onset temperature. It can 
therefore be inferred that in build the powder is at least 8*C above the crystallisation 
onset temperature also. Figure 42 - Figure 46 (TI-T5) show that once the machine 
heaters are turned off there is a rapid drop in powder surface temperature but Figure 
43 - Figure 47 show that below the powder surface the temperature reduces at a far 
slower rate until the machine is opened. 
Although the specimen centre temperatures could not be logged during the 'machine' 
phase of cool down, Figure 44, Figure 45 and Figure 47 show that the specimen 
centres were still above the crystallisation onset temperature after the build had 
fmished and the machine is opened. Figure 44 and Figure 45 show the specimen 
centres reaching the crystallisation onset temperature approximately 40-45 minutes 
after build completion indicating that parts can be left for a certain amount of time 
after build completion before employing methods to increase cooling rate to affect 
crystallisation, if required. Figure 45-Figure 48 show cooling is significantly quicker 
once parts are removed from the part-cake. It should be noted that since laser 
processing increases the molecular weight [Zarringhalam et al, 2006] the 
crystallisation onset temperature could reduce implying parts remain above the 
crystallisation onset temperature for longer than observed in these results since the 
crystallisation temperature as measured by DSC is used. 
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The time at which the specimen centres reached the crystallisation end temperature 
(132"C) when left to cool in the machine was indeterminable from the data collected 
(Figure 42) however with the part-cake removed at 30 minutes (Figure 44 and Figure 
45) the centres took approximately 1 hour to reach the crystallisation end point. Since 
the parts in the removed part-cake cannot cool more slowly than those in the machine 
it can be concluded that for parts to crystallise at the slowest possible cooling rate, 
with the machine heaters switched off, they must be left for at least 1 hour in the 
machine and likely much longer. If slower cooling rates are desired then the machine 
could be set to cool down gradually rather than switching the heaters off. 
The build height in these experiments was relatively low so it would be important to 
investigate in future how the internal part temperature varies with increasing build 
height as Moeskops [2000] did for powder temperature. Even with such shallow 
builds Figure 43 - Figure 46 show considerable difference between the powder 
surface temperature and specimen centre. This highlights how the machine pyrometer 
cannot be used to reliably indicate internal temperatures. It is therefore common 
practice to measure the internal temperature of removed part-cake using thermocouple 
probes. 
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Figure 43 Cool down profile for T2, Benchmark 
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Figure 48 Cool down profile for T7 
The cool down profiles were used to determine approximate average cooling rates 
during post build crystallisation as shown in Table 7. These were calculated by 
dividing 20'C (152-132) by the time it took the material to cool from 152'C to 132'C. 
The temperature range of 152'C to 132'C was determined by DSC with a cooling rate 
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of I O'C/min which equates to roughly the median cooling rate shown in Table 7. It 
should be noted that cooling rate can affect crystallisation temperature and therefore it 
may be usefid to establish the crystallisation temperature range by performing DSC 
analysis with a cooling rate of - 1*C/min in any future work. The charts used to 
calculate the cooling rates are shown in appendix 4. 
Ave. cooling rate during crystallisation (OC /min) 
Test Powder Surface Specimen Centre 
TI 5.1 indeterminable 
17 5.1 indeterminable 
T3 5.1 1.2 
T4 5.1 1.0 
T5 5.1 indet rininable 
T6 indeterminable 23.5 
T7 indeterminable indeterminable 
Table 7 Cooling rate during crystallisation 
Ideally all cooling rates would have been recorded but T3 - T6 provide sufficient data 
to compare with previous research. Values for internal cooling are not available for 
T1 and 72 since the minimum crystallisation temperature was reached before 
thermocouples could be attached. The values for T5 and T7 were indeterminable 
since the thermocouples were not inserted in time (i. e. before crystallisation started). 
The cooling rates at the powder surface for TI-T5 are the same since the 
crystallisation end temperature was reached in these tests during the 'machine' phase 
and so they were all calculated using the readings from the IR sensors which were the 
same for each of the builds. 
The values for cooling rate which were obtainable give a general indication of the 
magnitude of cooling rate involved and the amount by which it changes between the 
slowest and fastest cooled specimens. It should also be noted that average cooling 
rates do not fully describe the crystallisation behaviour since crystallisation will differ 
depending how long the material is held at particular temperatures within the 
crystallisation range. However, based on previous research results for Polypropylene 
[Michaeli, 1995] and Nylon-6 [Bessell et al, 1975; Cartledge and Baillie, 1999] the 
range of values obtained is of the magnitude to potentially affect the % crystallinity 
and mechanical properties considerably. 
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6.3.2 Tensile results 
Figure 49 shows example stress strain plots for parts built in TI, T3, T4 and T6. All 
original stress strain plots are shown in appendix 5. T4 and T6 are similar to each 
other but show similar changes to the lower % crystallinity Nylon-6 specimen in 
Figure 36 with both showing increased strain at break (EaB) and reduced tensile 
strength compared with TI and T3. All stress strain curves had repeated fluctuations 
in the stress axis. The reason for this is not clear but may relate to the porosity and or 
anisotropic microstructure of the material resulting in continuous local failures and 
accommodation of these within the material. 
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Figure 49 Stress Strain plots for TI, T3, T4, T6 
Figure 50 shows the values for EaB for the range of cooling conditions. The faster 
cooling resulted in higher EaB which supports the theory of increasing EaB by 
increasing cooling rate and correlates with the maximum and minimum cooling rates 
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associated with Figure 36 [Cartledge and Baillie, 1999]. T7, the theoretically fastest 
cooled specimen, resulted in a 1.36X increase from the benchmark (T2) though with a 
larger spread of results while T4 gave a 1.2 1X increase with little change in spread. A 
slight discrepancy can be observed for the cooling rates for T3 and T4 due to the 
similarity of the readings (the cooling rate for T3 is higher than T4) and this is 
attributed to random error. 
A general trend of increasing spread of EaB with increasing cooling rate can be 
observed (with the exception of T3). The benchmark has a spread of approximately 
+/- 1% EaB but rises to +/- 3% EaB for T7. TI and T2, the slowest cool downs, had 
the narrowest spread indicating slow cool down gives the most consistent and 
repeatable EaB but there was no advantage of TI over T2 in this respect. The 
increasing spread could be attributed to the physical handling and anisotropic cooling 
which could have occurred with the various cool down procedures. The spread in 
data points for even the tightest spread may exist, for example, due to variation in 
mechanical properties due to slight differences in build position in the bed for the 
individual specimens. 
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Figure 51 shows the values for tensile strength. It shows a trend of slowly decreasing 
tensile strength with increasing cooling rate unlike EaB. The spread is similar for all 
values. The reduction in strength is only a small change (0.95X benchmark) however 
the trend supports the theory that increased cooling rate has reduced the % 
crystallinity since lower % crystallinity is known to reduce tensile strength [Bessell et 
al, 1975] 
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Figure 52 indicates a slight trend of increased E-modulus with increased cooling rate 
(1.08X benchmark) however the spread is relatively large. In theory reduced % 
crystallinity would decrease E-modulus rather than increase it so, assuming the trend 
is valid, the cause of this is currently unknown. 
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Comparison of spread in Figure 50, Figure 51 and Figure 52 indicates that EaB is 
more sensitive to these factors than other properties. There was no discernable trend 
in variations of spread for tensile strength and E-modulus (Figure 51 and Figure 52). 
6.3.3 Percentage Crystaffinity 
The results for EaB and tensile strength supported the initial hypothesis however to 
help explain this further, measurements of % crystallinity at the different cooling rates 
were conducted. Figure 53 shows the % crystallinity of samples and does not show 
the expected relationship between cooling rate and % crystallinity. Only the slowest 
cooled specimen (TI) and the theoretically fastest cooled specimen (T7) reflected the 
theory that % crystallinity would be reduced by increased cooling rate with a slight 
drop in % crystallinity for T7. There was no trend shown for the other five 
specimens, four of which actually had identical average % crystallinity values. 
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Although no distinct relationship was observed for the series of tests, the maximum 
reduction in % crystallinity (0.97X) between TI and T7 and the maximum measured 
change in cooling rate (1.2 - 23.5'C/min) is comparable with the results presented by 
Cartledge and Baillie [1999] for Nylon-6/glass composite though the difference is 
smaller. The 0.97X difference between the maximum and minimum % crystallinity 
values is close to the 0.95X difference between the specimens of 44% and 42% 
crystallinity in the study by Bessell et al [1975]. The changes in EaB and tensile 
strength reported by Bessell et al [ 1975] are also similar to those in this present study. 
30.0 
5.1 5.1 5.1 5.1 5.1 
29.5 
-- 1.2 1.0 - 23.5 
29.0 - ---------------------------- --------------- ---------------- -------------- --------------- x ---------- 
x 
28.5 
xx x 
28.0 
x 
x x 
9 x ý22 2 27.7 27.7 
27 5 * 27.5 . x 
x x 27 2 
27 0 x . x 
. x 
x 
26.5 
26.0 
25.5 
25.0 
TI T2 T3 T4 T5 T6 T7 
Figure 53 Percentage crystallinity 
-------------------- I ng rate (*C/min): 
Powder surface 
Specimen centre 
-------------------- 
Since there was no marked change in crystallinity with cooling rate (across the range 
of tests) to match the changes to mechanical properties an alternative explanation is 
required. A study by Schrauwen [Schrauwen, 2003] analysed the deformation and 
failure of a series of semi-crystalline polymers. Tensile specimens of High-density 
Polyethylene, Polypropylene and Polyethylene terephthalate (PET) were produced by 
moulding with relatively high cooling rates (quenched) and low cooling rates. 
Additionally, some quenched parts were subsequently subjected to sub-melt 
temperature isothermal crystallisation (annealing) resulting in the same % crystallinity 
as the slowly cooled specimens. For a given material, the different processing 
conditions resulted in either brittle or ductile failure. Schrauwen [2003] stated that 
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brittle failure in tension was either due to an increase in yield stress due to an increase 
in crystallinity (as expected in this present study) or due to a decrease in strain 
hardening due to lower chain entanglement density (of the amorphous phase) caused 
by slower crystallisation cooling rates. For example, % crystallinity of slow cooled 
and fast cooled/annealed PET was equal however the fast cooled/annealed specimens 
exhibited less brittle failure which was attributed to higher chain entanglement 
density. In this present study faster cooling resulted in increased ductility with no 
distinct change to % crystallinity. It is therefore suggested that increased chain 
entanglement density due to faster cooling may be the factor responsible for the 
observed changes to mechanical properties. The investigation of this could be the 
sub ect of future study. j 
6.4 Conclusions 
The temperature logging showed that parts do not cool below the crystallisation onset 
temperature during the build showing that control of post build cooling rate can 
indeed directly affect the crystallisation of parts. This investigation also demonstrated 
that increased cooling rate in the post build stage of the SLS process is feasible and 
results in a marked increase in EaB. It seems unlikely however that EaB of SLS parts 
can be increased by an order of magnitude via changes in post build cooling rate. 
The results did not show the relationship between % crystallinity and mechanical 
properties that had originally been expected and it was suggested that chain 
entanglement density of the amorphous phase may relate to the mechanical properties 
instead. 
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7 Principal hypothesis and research objectives 
7.1 Background 
Following on from research detailed in Chapter 6, a collaboration with TNO Science 
and Industry of The Netherlands was initiated in order to investigate deeper issues 
relating to chemical level effects on mechanical properties of SLS Nylon-12 parts. 
The objective was to understand some parameters which are potential sources of a 
lack of reproducibility of properties. A journal paper detailing this work 
([Zarringhalam et al, 2006]) was published in the journal, Materials Science and 
Engineering: A and is included in appendix 6. 
During the collaborative investigation the author of this thesis made the key 
observation that individual peaks on a DSC plot for a specimen of an SLS produced 
part appear to relate to distinct regions in the specimen's observable microstructure. 
This proposed relationship is described in section 7.2. 
7.2 Proposed relationship between DSC peaks and 
material microstructure 
Zarringhalam et al [2006] used DSC to analyse SLS Nylon-12 specimens, the results 
of which were compared against micrographs of specimen cross sections. The 
micrographs were obtained by optical microscopy of microtomed specimens. 
Tolochko et al [2003] described how SLS of single component metal powders 
involves partial melting of the particles. Shi et al [2004] stated that in SLS of 
polymers also, the particles are only partly melted by the laser which ensures 
dimensional precision. The annotated micrograph in Figure 54 shows the SLS part 
microstructure composed of particle cores surrounded by spherulites. The 
microstructure of SLS polymer parts was previously analysed by Moeskops et al 
[2004] who proposed that these cores are the un-melted central regions of particles 
occurring when particles do not receive enough heat to fully melt. In injection 
moulding of semi-crystalline polymers the presence of un-melted particles (and non 
uniform microstructure) is considered to be a major cause of part failure. These un- 
melted particles result in high residual stress, brittleness, and reduced mechanical 
properties [Johnson, 1996]. 
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Figure 54 Microstructure of SLS material [Zarringhalam et al, 20061 
The author of this thesis proposed that two distinct melting peaks observed on a DSC 
trace for the sintered material relate to distinct regions in the material which are the 
un-melted particle cores and the surrounding material which melted and crystallised. 
This theory is illustrated in Figure 55. 
Figure 55 shows DSC traces for un-sintered virgin powder and a sintered part. The 
powder (green) has one peak and the part (red) has two peaks. After virgin powder 
particles are partially melted, the material which melted crystallises with smaller 
crystallite sizes due to presumably different cooling rates in the SLS process to the 
powder production method. This material ('melted & crystallised region') therefore 
results in a new peak on the DSC trace for the part (red) with a relatively low peak 
melt temperature of 181'C. The regions of the powder particle which do not melt 
('un-melted particle core') increase in melt temperature slightly but the peak is 
reduced in size since there is relatively less of this material present in the specimen. It 
was therefore proposed, for the part trace (red), that the size of the left peak relates to 
the amount of melted and crystallised material and the size of the right peak relates to 
the amount (and thus size) of the un-melted particle cores. 
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Figure 55 Relationship between DSC peaks and material microstructure 
For the collaborative investigation between Loughborough University and TNO, parts 
were built by both partners using their respective machines and Nylon-12 SLS 
powder. These machines (and powder) were from different suppliers (31) Systems at 
Loughborough and EOS at TNO) and were also configured differently. The 
Loughborough machine was optimised for superior accuracy using lower thermal 
energy input (for example, lower laser power) while the TNO machine was optimised 
for superior mechanical properties using higher thermal energy input. Figure 56 
shows DSC traces for parts built by Loughborough (Lboro) and TNO. The right hand 
side peak in each trace had a peak melting temperature that closely matched that of 
the virgin powder. However the left hand side peaks varied considerably from each 
other in terms of size and peak melt temperature; this was attributed to the numerous 
differences in build setup (i. e. different powder, machines and parameter 
optimisation). 
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Figure 56 DSC results for SLS parts built by Loughborough and TNO (Zarringhalam et al, 20061 
Mechanical properties of parts were compared and TNO parts were found to have 
considerably higher EaB and tensile strength than Loughborough parts and also 
slightly higher E-modulus. This was attributed to the higher energy input used to 
create the TNO parts. 
Figure 57 compares the microstructure of parts built by Loughborough and TNO. It 
was proposed that a higher 'degree of melting' resulted in smaller cores in the TNO 
specimen which was linked to potentially improved fusion/sintering of particles and 
hence superior mechanical properties. 
TNa,. Lboro 
I ooýim 
Figure 57 Microstructure of TNO and Lboro parts, adapted from lZarringhalam et al, 20061 
In summary, a key concept, the relationship between peaks and microstructure in SLS 
processed material, was proposed. Results suggested this may vary between different 
parts due to differences in the 'degree of melting' of particles and this may in turn 
cause variations in mechanical properties of parts. 
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7.3 Previous use of DSC to detect multiple phases in 
sintered polymer 
Following the publication of the paper by Zarringhalam et al [2006] it was found that 
the use of DSC to detect multiple phases of sintered PTFE, due to different melt 
temperatures of the virgin and melt-crystallised material, had been mentioned in a 
paper 30 years ago by Beckett [1976]. Beckett [1976] described the use of DSC to 
determine whether PTFE blocks have been correctly sintered. The blocks were made 
by cold pressing virgin (as-polymerised) powder into compacts followed by heating 
(sintering). The centre of a large block not melting due to low sintering temperature 
or time was termed 'undersintering' while degradation due to high sintering 
temperature or time was termed 'oversintering'. Khanna [1988] studied the melting 
temperature of PTTE in detail and reported that virgin PTFE exhibits a melting 
temperature of approximately 342 ± TV while the temperature for sintered PTFE (i. e. 
melted and crystallised) is 328 ± 20C. It is due to this drop in melting point of PTFE 
after sintering that DSC can be used to detect undersintering. Beckett [1976] 
compared a DSC trace of virgin PTFE powder with those for blocks sintered to 
varying degrees as shown in Figure 58. The trace for virgin powder (a) shows a peak 
melt temperature of 344T. The fully sintered sample (b), which is comprised 
entirely of material that has melted and crystallised, shows a single peak with a melt 
temperature of 328T corresponding with the values later given by Khanna [1988]. 
Multiple melting peaks are observed in traces (c) and (d) and Becket [1976] stated 
that the presence of any 'high-melting' phase (shown by peaks with higher melt 
temperatures) show incomplete sintering i. e. incomplete melting of the virgin powder. 
The use of DSC to detect incorrect sintering of polymers by observation of multiple 
melting peaks has been used since that study. For example, in a more recent 
investigation into compressive properties of sintered PTTE billets, Rae and 
Dattelbaurn [2004] rejected specimens which exhibited double DSC melting peaks 
describing these specimens as containing "only partially sintered molding powder at 
[the billet] centre". 
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Figure 58 DSC tracts for virgin and sintered PTFE [Becket 19761 
Becket [1976] also stated that using suitable control material the degree of sintering 
can be measured using the individual peak heights, as labelled on traces (c) and (d) in 
Figure 58, though the actual procedure used was not described. This method of 
quantifying the degree of sinteringwas not the focus of the paper by Becket [1976] 
and the author of this present thesis did not find more recent mention of the concept in 
the available literature. This may indicate that the ability to measure the degree of 
sintering was considered by Beckett and others to be a peripheral issue with little 
practical use. 
7.4 'Degree of sintering' 
Becket [1976] used the phrase 'degree of sintering' (which is taken as a qualitative 
description of the amount of sintering that occurred) and implicitly related this to the 
degree to which the virgin powder melts. Searching the available literature showed 
that the qualitative phrase 'degree of sintering" is, as would be expected, commonly 
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used in the various fields which involve sintering, including Rapid Prototyping and 
RM [Agarwala et al, 1995; Ang et al, 2000; Chua et al, 2004; Fischer et al, 2005; Hao 
et al, 2006]. However, the phrase 'degree of sintering' was not related necessarily to 
DSC measurements or directly quantified in any other manner. The only exception 
to this was in a study by Kruth et al [2004] which suggested that the degree of 
sintering occurring between two metal particles due to solid state sintering could be 
quantified using the ratio of neck diameter to powder particle diameter. Since the 
phrase is widely used, particularly in a qualitative manner, it was deemed appropriate 
to employ new terminology to describe the quantified variation of particle melt 
occurring in SLS processed material. The term chosen was 'degree of particle melt'. 
7.5 Principal hypothesis and research objectives 
The investigation into post build cooling rate detailed in Chapter 6 shed light on the 
crystallisation behaviour of SLS processed material and showed that faster post build 
cooling rate could improve EaB to a certain degree. However, the practical extremes 
of cooling rate were investigated and an order of magnitude improvement seem 
unattainable by this approach. It was therefore decided to pursue other methods to 
vary and improve mechanical properties. Collaborative research with TNO resulted 
in a key observation by the author. This was that un-melted particle cores and the 
surrounding material which has melted and crystallised apparently relate to separate 
peaks on a DSC plot. This led to the principal hypothesis which is that TSC can be 
used to quantify variability in the degree that particles melt in SLS processed 
material'. This 'degree of particle melt' (DPM) as measured by DSC should correlate 
with mechanical properties including EaB. It is hypothesised that increased DPM will 
result in higher EaB due to improved inter-particle fusion and consolidation. The 
ability to quantify DPM would be useful in the field of SLS as it would provide a 
common link between build parameters and mechanical properties by directly 
measuring the effect of the build parameters on the material itself. 
The principal research objectives are: 
1. Produce parts with various levels of DPM 
2. Determine a suitable quantified measure of DPM 
3. Establish the relationship between DPM and mechanical properties 
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8 Experiments to assess the effects of DPM on 
mechanical properties & crystallinity 
8.1 Methodology 
8.1.1 Introduction (aims & theory) 
The principal research objectives, as introduced in Chapter 7, are to produce parts 
with various levels of DPM, determine a suitable quantified measure of DPM and 
establish the relationship between DPM and mechanical properties. 
The comparison of parts built on different machines in Chapter 7 suggested that 
increased energy input resulted in an increased DPM. For the principal investigation, 
standard machine parameters for a single machine were varied in order to produce 
parts with varying DPM. 
Certain machine parameters can be varied to cause an unspecified but certain increase 
or decrease in energy supplied to the material being melted. As described previously, 
in SLS heat supplied to the material originates from numerous heaters preheating 
certain areas within the machine and from the laser itself Parameters directly related 
to these can be varied to cause an increase or decrease in energy supplied. For 
example, with all other parameters unchanged, an increase in laser power or the part 
bed temperature results in increased energy input. Other parameters could possibly 
affect energy input but whether they result in increased or decreased energy input is 
not implicit. An example of this is roller speed where it is likely the roller is on 
average at a different temperature than the powder bed and so the duration of the 
roller/powder bed interaction may have an unknown influence on the energy supplied 
to the material. 
For these experiments parameters were selected which can be implicitly matched to 
an inherent increase or decrease in energy input. Therefore an increase or decrease 
for any of these parameters will result in an increase or decrease of unspecified value 
in net energy input. It is important to note that only net energy input is being 
considered whereas the time dependence is not considered. Sintering and melting are 
time dependant processes so this must be considered in analysis of results. As 
mentioned in Section 2.3.3 quantification of the energy input involving laser and part 
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bed temperature would be more complex than the quantified energy density. Energy 
input could be quantified however many additional factors would have to be 
considered such as % absorption, % transmission and % reflection of the laser. Time 
dependence may need to be considered in order to quantify energy input for variation 
of Fill Scan Count. The variation of part bed temperature across the part bed would 
also need to be considered. For this study quantification of the energy input was not 
attempted since the high number of unknowns could result in misleading results. 
Essentially the parameters were varied simply to vary the DPM so that the effect of 
DPM on other properties could be investigated. 
The general experimental plan was to build sets of parts in separate builds. For each 
build the value for one parameter would be varied with all other parameters kept at 
default values. The parts would then be analysed for DPM and other properties and 
the relationships (if any) analysed. A Design of Experiment was not conducted since 
the objective was to analyse clearly the independent effects of the various parameters 
and it was preferred to avoid potential secondary effects of the combinations of 
parameters. 
8.1.2 Build 
8.1.2.1 Part design 
6 tensile specimens were built in each build according to ISO-527-2: 1996 type 1A as 
shown in Figure 59. As in previous builds these were built in the x-axis to avoid end 
of vector related issues. Parts were built flat to reduce build time. 
In addition to 6 tensile specimens, 1 part was built to obtain specimens for DSC and 
optical microscopy. This is shown in Figure 60 which shows 5 equally spaced 
locations (labelled A-E) corresponding to the straight section of the tensile specimens. 
I DSC specimen was cut from the centre of the part at each of these locations. 
Optical microscopy was conducted through a cross section taken at the central 
location (C). 
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Figure 59 ISO 527-2: 1996 type IA tensile specimen parts 
Figure 60 Part built for DSC and optical microscopy 
8.1.2.2 Build setup 
For these experiments the common 12mm warm up height was selected and a further 
8mm of powder deposited at the final part bed temperature to provide further 
insulation to the parts due to the relative shallow build volume as shown in Figure 61. 
The total powder deposited below the parts was therefore 20mm. The parts are 4 mm 
in height as specified in ISO-527-2: 1996. The standard 2.54mm cool down height 
was selected and therefore a further 17.46mm deposited at final part bed temperature 
above the parts so that the total powder height above the parts matched that below at 
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20mm. This was intended to combat uneven cool rates above and below parts which 
could occur with significantly different heights. 
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'insulation' 
2.54mm (Cool down) 
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Figure 61 Part build cross section 
Table 8 lists the duration of major stages of the build process. 'Machine warm up' 
refers to the time the machine is given to heat to an initial temperature of 100'C 
(without powder deposition). The build time varied when some parameters were 
changed (e. g. fill scan count) but was approximately 3.5 hours for specimens built 
using default parameters. After the final layer was deposited, all part heaters were 
switched off and the powder and machine allowed to cool with the machine door 
closed. This was set at 2 hours after which the still hot part-cake was removed from 
the machine and left to cool for 24 hours after which the cake had completely cooled 
to room temperature. 
Machine warm up I hour 
Part build - 3.5 hours 
Post build cool down in machine 2 hours 
Part-cake cool down to ambient + 24 hours 
Table 8 Build duration 
8.1.2.3 Machine parameters 
Table 9 lists the machine parameters varied in these experiments. For all parameters 
except 'Fill scan count' a high and low value (relative to the default value) are shaded 
red and blue respectively. High values (red) relate to increased energy input 
(compared with the benchmark; Default) and Low values (blue) relate to decreased 
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energy input compared with Default. The pyrometer measuring the part bed 
temperature was not calibrated and so Part Heater Set Point values are reported as 
relative values of arbitrary units. 
Build Part heater set 
point (PHSP) 
Slicer fill scan 
spacing (SFSS) 
(MM) 
Fill laser 
power (FLP) 
(9) 
Fill scan count 
(FSC) 
1, Default 148 0.15 11.5 1 
2, PHSP-High 15 0.15 11.5 1 
3, PHSP-LoW 146 0.15 11.5 1 
4, SFSS-High 148 0.13 11.5 1 
5, SFSS-Low 148 0.17 11.5 1 
6, FLP-High 148 0.15 13.5 1 
7, FLP-Low 148 0.15 9.5 1 
8, FSC-High (2) 148 0.15 11.5 2 
9, FSC-High (3) 148 0.15 11.5 3 
Table 9 Machine parameters 
8.1.2.4 Part removal 
Parts were removed from the cooled part-cake as per normal procedure but with the 
additional step of numbering and labelling specimens before complete removal. 
8.1.3 Data gathering 
8.1.3.1 DSC 
For DSC, sample mass was 5mg +/- 0.05mg. This sample mass was less than those 
used in Chapters 6 and 7 since the objective was to analyse individual peaks therefore 
requiring greater resolution. Smaller samples improve resolution due to reduced 
thermal gradients and thermal lag within specimens [Wunderlich, 1990; Greco and 
Maffezzoli, 2003]. The mass range was also much lower to prevent variation due to 
the same phenomena. Samples were heated from -20'C to 220T @10'C/min, held 
at 220T for 2 minutes and then cooled at I O'C/min. At approximately 70T, as room 
temperature is approached during cool down the DSC hardware used can no longer 
cool at the specified IOT/min cooling rate. Data beyond this point is therefore 
invalid which is inconsequential for this study since only melting is considered. 
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Figure 62 shows a DSC trace for a typical SLS part starting to heat the specimen at 
20*C, heating it to 220'C and eventually cooling it to -20'C. For determining DPM 
it is only necessary to consider the melting peaks and the region immediately before 
and after (see dashed region). Figure 63 shows this region cropped. 
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Figure 62 Typical DSC chart for SLS Nylon-12 part 
Using DSC analysis software numerous readings can be taken from the DSC trace to 
characterise the melt peaks. These are annotated as illustrated in Figure 63. As 
described in section Error! Reference source not found. the % crystallinity was 
determined by dividing the heat of melting of the sample by the known heat of 
melting for a 100% crystalline specimen. The heat of melting of the specimen is the 
area of the peaks below the interpolated baseline (dashed green). The heat of melting 
for 100% crystalline Nylon-12 was taken as 209.3 J/g, as reported by Gogolewski et 
al [1980]. The peak heights were measured from the tip of the peaks to the parallel 
drawn from the intersection point of the interpolated base line and DSC trace line. 
The peak temperatures are the temperatures at the tip of the peaks. 
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Figure 63 Cropped DSC chart for SLS Nylon-12 part showing melt peaks 
8.1.3.2 Tensile testing 
As in Chapter 6 E-modulus was measured @I mm/min strain rate and tensile 
strength and EaB g5 mm/min. A Zwick testing machine with long travel contact 
extensometer was used (pictured previously in Figure 32) 
8.1.3.3 Optical microscopy 
Specimens were cut to 5 gm using a microtome, pictured in Figure 64. This shows 
the specimen held in ice being cut with a glass knife. Micrographs were recorded in 
transmitted light, dark-field, un-polarised mode. Polarised mode was attempted but it 
was found more difficult to differentiate between the cores and surrounding material. 
Micrographs taken in polarised and un-polarised mode are shown for comparison in 
appendix 6. 
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Figure 64 Microtome 
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8.2 Results and Discussion 
This section presents the results of the DSC analysis and the associated mechanical 
properties and optical microscopy. A general description of results is given but 
Chapter 9. (Overall analysis & discussion), provides in depth analysis including 
comparison of the results. 
8.2.1 DSC 
Figure 65 shows 9 superimposed DSC traces. Each trace represents one combination 
of build parameters and is plotted from the averaged results of the 5 DSC runs 
performed for each part. The original 5 traces for each of the 9 parts are included in 
appendix 8. Figure 65 shows all 9 traces following roughly the same path except 
during melting where the), differ to varying degrees. These differences occur within a 
window of 150'C and 200'C during the heating of the specimen. The differences 
manifest themselves in the geometry of the endothermic melt peaks. 
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Figure 65 DSC results superimposed 
Figure 66 - Figure 69 show sets of DSC traces focussed on the melt region, between 
150'C and 200'C. Once again. each trace is calculated as the average of the 5 
separate DSC traces. Each chart shows the results for parts built with default 
parameters compared against results built with one parameter varied. For example, 
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Figure 66 shows results for parts built with a default Part Heater Set Point of 148 and 
high and low values of 150 and 146 respectively. Traces for parts built with default 
parameters are coloured green and those for 'high' and 'low' parameters are red and 
blue respectively where high/red indicates the higher energy input. 
Figure 66 shows DSC traces for variations of Part Heater Set Point. In Figure 66 
there is apparently a small change between the peaks for Default (148) and Low 
(146). The Low trace (blue) has a marginally smaller left-hand side peak and a 
marginally bigger right-hand side peak. The High trace (red) has a marginally larger 
left-hand side peak but a considerably smaller right-hand side peak. 
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Figure 66 DSC results for Part Heater Set Point 
200 
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Figure 67 shows DSC traces for variations of Slicer Fill Scan Spacing. In Figure 67 
the variation from the Default trace (green) for the High (red) and Low (blue) traces is 
more apparent than in Figure 66. The Low trace (blue) has a marginally smaller left- 
hand side peak and a more noticeably bigger right-hand side peak. As with Figure 66 
the High trace (red) has a larger left-hand side peak and a smaller right-hand side peak 
but the difference is greater. 
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Figure 67 DSC results for Slicer Fill Scan Spacing 
- Slicer Fill Scan Spacing -High (0.13mm) 
Default (0.15mm) 
Slicer Fill Scan Spacing -Low (0.1 7mm) 
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Figure 68 shows DSC traces for variations of Fill Laser Power. It follows an 
emerging trend (based on observations of Figure 66 and Figure 67) where the Low 
trace (blue) shows a slightly smaller left-hand peak compared with the Default trace 
(green) but a relatively larger right-hand side peak compared with that of the Default 
trace. Continuing this trend, the High trace (red) shows both considerably larger and 
smaller peaks (relatively) for the right-hand side and left-hand side peaks respectively. 
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Figure 68 DSC results for Fill Laser Power 
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Figure 69 shows DSC traces for variations of Fill Scan Count. Since the variations 
both involve higher energy input than the default value of I they are both coloured red 
(different shades). Both High traces show left-hand side peaks larger than that of the 
Default trace. The peak for Fill Scan Count - High (3) (dark red) is slightly smaller 
than that of Fill Scan Count - High (2) (light red) which is an exception to the trend of 
increasing size of the left-hand peak for increased energy input. Both High traces 
show no apparent right-hand peak. 
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Figure 69 DSC results for Fill Scan Count 
Figure 70 shows the curves presented in Figure 66 - Figure 69 superimposed upon one 
another. The right-hand side melt peaks are focussed on in Figure 70b to facilitate 
easier interpretation. The traces are coloured so that for each parameter (e. g. Fill 
Laser Power) the High trace will have a distinct colour and the low trace will have the 
same colour but with a dotted line. For example, Fill Laser Power - High is solid pink 
and Fill Laser Power - Low is dotted pink. As before, Fill Scan Count 
differs slightly 
(because there are two High traces and no Low trace) with its High (2) trace solid red 
with a marker and its High (3) trace solid red. The observations made from Figure 66 
- Figure 69 relating to the left-hand side peaks are not 
discernable in Figure 70a. 
However, Figure 70a and Figure 70b clearly show the decrease and increase in the 
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size of the right-hand side peak for High and Low traces (respectively) and that the 
magnitude of this varies for different parameters. There is a symmetry apparent in 
Figure 70b with High and Low traces somewhat reflected about the Default trace 
(green): Both blue traces are present either side of the green trace; both grey traces 
are present either side of the green trace; and both pink traces are present either side 
of the green trace. Figure 70b suggests that, for the parameter values chosen, the 
right-hand side peak size is affected most by Fill Scan Count (red), then by Fill Laser 
Power (pink), then by Slicer Fill Scan Spacing (grey), and the least by Part Heater Set 
Point (blue). 
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Figure 70 All DSC melt peaks superimposed (a) and right-hand side melt peaks only (b) 
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Appendix 9 lists the quantified data gathered from the DSC traces. It lists the average 
values and standard deviations from each set of 5 traces. These values are analysed in 
Chapter 9. Figure 71, Figure 72 and Figure 73 show average values and range values 
for Crystallinity and the peak heights for the right-hand side and left-hand side peaks. 
Values for specimens built with default parameters are shaded green; those for High 
values red and those for Low values blue. 
Figure 71 shows Crystallinity values. All High values are less than Default and all 
Low values are greater than Default. Spread for all values is broadly constant. Figure 
72 shows right-hand side peak height values. As with Crystallinity all High values 
are less than Default and all Low values are greater than Default. Spread is again 
broadly constant for all values. Figure 73 shows left-hand side peak height values. 
The trend present is opposite to that in Figure 72 with all High values greater than 
Default and all Low values lower than Default. Additionally, the spread is markedly 
greater in Figure 73 than in Figure 72. Comparing Figure 72 and Figure 73, a higher 
right-hand side peak height corresponds with a lower left-hand side peak and a lower 
left-hand side peak corresponds with a higher right-hand side peak. This matches the 
observations of the DSC traces presented previously. 
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Figure 71 Crystallinity 
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Point Spacing 
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(150) (146) (0.13mm) (0.17mm) (13.5W) (9.5 W) (2) (3) 
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Figure 72 Right-hand side peak height 
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8.2.2 Mechanical properties 
Figure 74 - Figure 82 show stress-strain plots for the tensile specimens produced 
using the different build parameters. They illustrate engineering stress and strain. 
The horizontal blue lines indicate the points at which tensile strength was measured 
(the maximum tensile stress); the vertical blue lines indicate the points at which EaB 
was measured (the maximum tensile strain) and the diagonal blue lines indicate the 
gradient at the initial part of the curve from where E-modulus was measured. 
Numerical values obtained from these charts are presented later in Figure 83, Figure 
84 and Figure 85. 
10 15 
Figure 74 shows the stress-strain plot for the tensile test specimens built with Default 
parameters. The specimens exhibit brittle behaviour since according to Ward & 
Sweeney [2004] brittle behaviour is designated when specimens fail at their 
maximum loads at comparatively low strains (less than 10%). 
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Figure 74 Tensile test curves for 'Default' 
Figure 75 and Figure 76 show the stress-strain plots for tensile test specimens built 
with Part Heater Set Point set high (150) and Low (146) respectively. Figure 75 
(High) shows greater EaB values though they are still generally less than 10% and 
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failure occurs at the maximum loads indicating brittle behaviour. Figure 76 (Low) 
shows significantly lower strains and is also classified as brittle. Stress at break 
values in Figure 75 (High) are on average higher than the default values (Figure 74) 
and are lower than the default values in Figure 76 (Low). 
Figure 77 and Figure 78 show the stress-strain plots for tensile test specimens built 
with Slicer Fill Scan Spacing set High (0.13mm) and Low (0.17mm) respectively. 
Figure 77 (High) shows EaB values above and below 10% and failure in some 
specimens occurs just below maximum load indicating a transition from brittle to 
ductile behaviour. Figure 78 (Low) shows significantly lower strains and is classified 
as brittle. As before, the High and Low charts show higher and lower maximum 
stress than the Default chart. 
Figure 79 and Figure 80 show the stress-strain plots for tensile test specimens built 
with Fill Laser Power set High (13.5W) and Low (9.5W) respectively. As with 
Figure 77, Figure 79 (High) shows EaB values above and below 10% and failure in 
some specimens occurs just below maximum load indicating a transition from brittle 
to ductile behaviour. Figure 80 (Low) shows significantly lower strains and is 
classified as brittle. Once again the High and Low charts show higher and lower 
maximum stress than the Default chart. 
Figure 81 and Figure 82 show the stress-strain plots for tensile test specimens built 
with Fill Scan Count set High at 2 and 3 counts respectively. Figure 81 and Figure 82 
both show EaB values above 10% and failure in all specimens occurs below 
maximum load indicating fully ductile behaviour. Stress at break is greater than 
default in both cases and yielding is also apparent. 
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Figure 75 Tensile test curves for Part Heater Set Point - High (150) 
50 
40 
(0 cL 30 
to 
20 
10 
0 
Strain in % 
Figure 76 Tensile test curves for Part Heater Set Point - Low (146) 
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Figure 77 Tensile test curves for Slicer Fill Scan SPacing - High (0.13mm) 
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Figure 78 Tensile test curves for Slicer Fill Scan Spacing - Low (0.17mm) 
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Figure 79 Tensile test curves for Fill Laser Power - High (13.5W) 
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Figure 80 Tensile test curves for Fill Laser Power - Low (9.5W) 
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Figure 81 Tensile test curves for Fill Scan Count - High (2) 
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Figure 82 Tensile test curves for Fill Scan Count - High (3) 
110 
10 15 
10 15 
Figure 83, Figure 84 and Figure 85 show average values and range values for EaB, 
tensile strength and E-modulus respectively. As before, values for specimens built 
with default parameters are shaded green; those for High values red and those for Low 
values blue. 
Figure 83 shows EaB values. As expected, all High values are greater than Default 
and all Low values are less than Default. The highest EaB value is more than double 
that of the Default value and the lowest is just over half the Default value. Spread for 
all High values and Default is broadly constant but is considerably tighter for all Low 
values. 
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Figure 83 Elongation at break 
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Figure 84 shows tensile strength values. As with EaB all High values are greater than 
Default and all Low values are less than Default however the difference is not as 
great. Fill Scan Count - High (2) and Fill Scan Count - High (3) showed the highest 
EaB values however they show the lowest of the High values for tensile strength. 
Spread for all values is broadly constant. 
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Figure 84 Tensile strength 
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Default Part Heater Set Slicer Fill Scan Fill Laser Power Fill Scan Count 
Point Spacing 
High Low High Low High Low High High 
(150) (146) (0.13mm) (0.17mm) (13 5W) (9.5 W) (2) (3) 
Figure 85 shows E-modulus values. As with EaB and tensile strength all High values 
are greater than Default except Fill Scan Count - High (3). However, while all Low 
values are less than their associated High values, they are all higher than the Default 
values. Spread is broadly constant except for Slicer Fill Scan Spacing - Low which 
shows considerably wider spread and Fill Scan Count - High (3) which shows much 
tighter spread. As with the results from Chapter 6 the results for E-modulus do not 
follow the same clear trends as EaB and tensile strength. 
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8.2.3 Optical microscopy 
Figure 86 - Figure 103 show micrographs taken 
in dark-field, un-polarised, 
transmitted light mode. For each specimen micrographs are presented at I Ox and 40x 
objective magnification. All micrographs show sections through parts in the same 
orientation and this orientation in relation to the build setup is annotated in Figure 86. 
Figure 86 and Figure 87 show micrographs for specimens built with Default 
parameters. Figure 86 shows well defined un-melted particle cores apparently 
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Default Part Heater Set Slicer Fill Scan Fill Laser Power Fill Scan Count 
Point Spacing 
High Low High Low High Low High High 
(150) (146) (0.13mm) (0.17mm) (13.5 W) (9.5 W) (2) (3) 
distributed in lines dispersed approximately every 100[un which may relate to the 
layer thickness which is 100[un. The black circle in the bottom right hand comer of 
Figure 86 shows a bubble trapped between the specimen and glass slide in the resin 
which is difficult to completely avoid. Such perfectly spherical black circles are 
found in subsequent micrographs and are all trapped air bubbles. Voids in the 
specimen are also visible as indicated in Figure 86. These voids are shown clearly 
contrasted against the bulk material in micrographs taken in polarised light (see 
appendix 7). 
Figure 87 shows the particle cores surrounded by spherulitic structure (spherulites) 
which, by observing the orientation of the lamellar fibrils, appears to have crystallised 
outwards from the surface of the cores. Spherulitic structure within the cores is not 
discemable in Figure 87. 
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Figure 88 and Figure 89 show micrographs for specimens built with Part Heater Set 
Point set to High (150) while Figure 90 and Figure 91 show micrographs for 
specimens built with Part Heater Set Point set to Low (146). In Figure 88 particle 
cores are apparent however they are not clearly dispersed in 10OAm spaced lines as 
observed in Figure 86 (Default). Figure 89 (Part Heater Set Point - High) shows some 
particle cores are present though to a lesser extent than in Figure 86 (Default) and they 
are not clearly contrasted. Instead they are located by observing the less well defined 
spherulitic structure within the clearly observable spherulites. 
Figure 90 (Part Heater Set Point - Low) shows particle cores dispersed in IOOAM 
spaced lines as in Figure 86 (Default). However in Figure 90 the cores appear more 
highly contrasted against the surrounding material. As with Figure 87 (Default), 
Figure 91 (Part Heater Set Point - Low) shows the particle cores contained within 
spherulites which appear to have crystallised outwards from the surface of the cores. 
Figure 92 and Figure 93 show micrographs for specimens built with Slicer Fill Scan 
Spacing set to High (0.13mm) while Figure 94 and Figure 95 show micrographs for 
specimens built with Slicer Fill Scan Spacing set to Low (0.17mm). As with previous 
figures for Part Heater Set Point High and Low, the micrographs for specimens built 
with Low parameters show particle cores dispersed in 1001im spaced lines and the 
micrographs for specimens with High parameters do not clearly show this. As before, 
the particle cores for specimens built with Low parameters are highly contrasted to the 
surrounding material. 
Figure 96 and Figure 97 show micrographs for specimens built with Fill Laser Power 
set to High (13.5W) while Figure 98 and Figure 99 show micrographs for specimens 
built with Fill Laser Power set to Low (9.5W). Dust particles were present within the 
microscope assembly during the capture of the micrographs presented in Figure 96 - 
Figure 99 and these show up as blurred dots. As with Part Heater Set Point and Slicer 
Fill Scan Spacing, the micrographs for specimens built with Low parameters show 
particle cores dispersed in 1001im spaced lines and the micrographs for specimens 
with High parameters do not show this. 
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Figure 100 and Figure 101 show micrographs for specimens built with Fill Scan 
Count set to High (2 scan counts) and Figure 102 and Figure 103 show micrographs 
for specimens built with Fill Scan Count set to High (3 scan counts). Both sets of 
micrographs show no Particle cores present at any magnification. At 40x 
magnification both Fill Scan Count - High (2) and Fill Scan Count - High (3) show 
the microstructure consisting of spherulites with crystallisation apparently initiated 
from point nucleation sites (as opposed to the surface of particle cores). Figure 102 
(Fill Scan Count - High, 3 counts) shows a particularly fine, evenly distributed 
microstructure. 
123 
Aiii 
1ý 
- -: -- 
"-+b . -. - - 
Figure 100 Fill Scan Count - High (2) XIO 
Figure 101 Fill Scan Count - High (2) x40 
124 
- -. 
.  
Figure 102 Fill Scan Count - High (3) xlO 
Figure 103 Fill Scan Count - High (3) x40 
'. 
S 
Ss% . 
S 
- 
.\- 
--S 
. 
4 
_ 
'2, ' 
"' 
" . " 
."S. 
125 
Overall Analysis & Discussion 
9.1 Effects of build parameters on material 
properties 
Numerous parameters and variables were altered and their effects on material 
properties observed. These effects, reported previously in Chapter 6, Chapter 7, and 
Chapter 8, are now summarised. No new results or analysis are presented in sections 
9.1.1 - 9.1.3. 
9.1.1 Post build cooling rate (Chapter 6) 
Most conventional plastics processing techniques involve cooling of the entire molten 
volume at once. The nominal cooling rate during the material shaping process (for 
example, cooling of the melt in a moulding tool) can therefore be controlled to obtain 
a certain % crystallinity and associated mechanical and other properties. Due to the 
layer by layer nature of SLS, melting and crystallisation have the potential to occur 
throughout the process. At the end of the process the parts still require cooling down. 
Therefore the investigation into post build cooling rate intended to verify that % 
crystallinity of parts could be altered by varying post build cooling rate and to assess 
the effects on mechanical properties. 
Cooling rates were altered by varying the procedure of part-cake removal from the 
machine. Temperature cool down profiles were generated using the machine's 
internal pyrometer and thermocouples which were attached after the machine was 
opened. These measurements showed that the material which was melted by the laser 
remained above the crystallisation onset temperature (152*C) after the entire build 
had completed. This means that this material remained in the molten state after build 
completion. This was so even after the part-cake was left to cool inside the machine 
for 30 minutes and the part-cake surface had cooled to -90'C, considerably below the 
crystallisation temperature range. The implication of this finding is that post build 
cooling rate of the part-cake can theoretically affect the crystallisation of parts. 
Using the temperature cool down profiles, the approximate average cooling rate 
during crystallisation was calculated. This was problematic due to the nature of the 
process but generated some data for comparison with previous research into effects of 
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cooling rate for other polymers including Nylon-6. The values ranged from 
I. O'C/min for slowly cooled parts to 23.511C/min for faster cooled parts even though 
cooling rates at the centres of the parts expected to cool slowest and fastest were 
indeterminable. These changes in cooling rate were associated with changes in 
mechanical properties, particularly EaB. The slowest cooled parts had average EaB 
value of 13.5%, Strength at break of 42.5MPa and E-modulus of 1.69 GPa. The 
fastest cooled parts had markedly higher EaB (19.1%), marginally lower strength at 
break (40.6MPa), and slightly higher E-modulus (1.80 GPa). Percentage crystallinity 
of specimens was measured and varied from 27.9% for the slowest cooled parts to 
27.2% for the fastest cooled parts. However apart from these two extremes all other 
values were virtually the same. It was concluded that % crystallinity was not 
responsible and that a different explanation would be required which could be 
addressed in future study. 
9.1.2 Partial melting of particles (Chapter 7) 
In the collaborative study with TNO, parts were built on SLS machines from different 
machine manufacturers, using powder supplied from the respective manufacturers, 
with parameters set diametrically opposite to each other. The machine at 
Loughborough (from 3D Systems) was set up for improved accuracy while the 
machine at TNO (from EOS) was set up for improved mechanical properties. 
Comparison of DSC traces for TNO parts and Loughborough parts showed that both 
have double melt peaks whereas their respective powders had only one peak each. It 
has been shown in previous studies that SLS processed material contains apparently 
un-melted particle cores [Moeskops, 2004]. It was therefore hypothesised that the 
right hand side peak relates to the melting of these cores (which were not melted in 
the SLS process) which maintain the crystal form similar to the original powder. The 
left-hand side peak was hypothesised to relate to the melting of the material which 
during the SLS process had been melted by the laser and then crystallised. The 
properties of this peak are considered to be dependent on processing conditions which 
resulted in significant differences between the left-hand side peak for the TNO and 
Loughborough parts in the collaborative study. This concept has been mentioned in 
literature relating to sintering of other crystalline polymers. 
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9.1.3 Energy input (Chapter 8) 
In order to investigate the double melt peak phenomenon and its relationship with un- 
melted particle cores, parts were built with parameters varied to increase or decrease 
the applied energy input to the material during melting. Default parameters were 
selected based on the existing user optimised machine setup and individual parameters 
chosen and varied separately for each build. For each parameter a high and low value 
was chosen indicating higher and lower energy input (respectively) compared with the 
default parameters. The parameters chosen to investigate were Fill Laser Power, 
Slicer Fill Scan Spacing and Fill Scan Count (laser parameters) and the Part Heater 
Set Point. 
All 'high' values resulted in a marked reduction in size of the right-hand side peak 
and a small increase in size of the left-hand side peak. Fill Scan Count parts showed 
no right-hand side peak. All 'low' values resulted in an increase in the size of the 
right-hand side peak and decrease in size of the left-hand side peak. These findings 
correlated with optical microscopy results where 'low' values resulted in highly 
contrasted large particle cores and 'high' values resulted in smaller cores, less clearly 
defined. Fill Scan Count parts showed no cores and Fill Scan Count - High (3) had a 
fine homogenous microstructure unlike other parts. These findings support the 
hypothesis of the separate DSC peaks relating to the particle cores and background 
material and that the amount of energy input directly affects the size of the cores and 
the corresponding DSC peak. 
All 'high' values resulted in markedly increased EaB and tensile strength, and 
marginally higher E-modulus. Comparison of mechanical properties with DSC 
results is discussed in subsequent sections. 
9.2 Qualitative description of variation in DPM 
Section 8.2 presented results for experiments where numerous parameters were 
varied, repeat measurements were taken for DSC analysis, and all findings were 
compared with microscopy results. This confirmed that DPM can be varied by 
changing build parameters and that the right-hand-side peak does relate to un-melted 
particle cores. Since the left-hand side peak exists due to SLS processing the two 
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peaks (left and right) are subsequently referred to as the 'processing-peak' and the 
'core-peak' respectively. 
Figure 70 showed that higher energy input results in a smaller core-peak for each 
parameter. Figure 104 is similar to Figure 70 but only shows the core-peaks for three 
specimens. These are for Fill Laser Power - Low (which showed the largest core- 
peak), Fill Scan Count - High (3) (which showed no core-peak), and Part Heater Set 
Point - High (which showed a core-peak approximately half the size of that for Fill 
Laser Power - Low). The line colouring in Figure 104 is the same as that used in 
Figure 70 and therefore is only used for identification purposes in Figure 104 (rather 
than indicating relative energy input). 
Fill Scan Count - High (3) 
Part Heater Set Point - High (150) 
Fill Laser Power - Low (9.5W) 
-0.5 
(U 
-1.5 
Temperature ('C) 
Figure 104 Variation of DSC core-peaks 
Figure 105 shows micrographs (previously presented in section 8.2) for the two 
extremes and middle value specimen shown in Figure 104. Shown sequentially, these 
illustrate how the size of particle cores decreases with variation in parameters and that 
this sequence matches the sequence of decreasing core-peak size. 
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Figure 105 Micrographs for Fill Laser Power - Low fal, Part Heater Set Point - High I b] and Fill 
Scan Count - High (3) [c] 
9.3 Relationship between DSC readings and 
mechanical properties 
9.3.1 Selection of DSC readings to quantify relationships 
Figure 106 - Figure 108 show readings from the DSC melt peaks plotted against 
mechanical properties. For each mechanical property, % crystallinity, Core Peak 
Height, Processing Peak Height, Core Peak temperature and Processing Peak 
Temperature are plotted. The objective is to determine which DSC readings can be 
used to quantify DPM as a factor of mechanical properties. Charts are plotted at this 
stage in order to determine if there are any relationships apparent. 
For each data series a linear regression line is plotted and the Coefficient of 
Determination (R 2 value) annotated. The R2 value is a measure of how well a 
regression line represents the data and relates to the gradient and the average deviation 
of values from the regression line [Hinton, 2004]. The R2 value varies from 0-1. 
The higher the value, the stronger the linear relationship between 2 variables. It 
should be noted that this is not a measurement of the statistical significance of the 
relationship and so the word 'importance' is used instead. Although the R2 value can 
be determined without plotting the data on charts, it is important to plot the data so 
that individual examination of the data can also be performed. 
For Figure 106 (EaB) % crystallinity, Core Peak Height and Processing Peak Height 
show apparently strong correlation with EaB (represented by high R' values) but 
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Processing Peak Temperature and Core Peak Temperature do not. As would be 
expected, as EaB increases % crystallinity decreases. Also related to increasing EaB 
is increasing Processing Peak Height and decreasing Core Peak height. There was no 
strong relationship apparent for Peak Temperatures. 
Figure 107 (tensile strength) appears to show less strong correlation for all DSC 
characteristics though this may be due to outlying data points for Fill Scan Count - 
High (2) and Fill Scan Count - High (3) highlighted in Figure 107. This is addressed 
later. As with EaB, the strongest relationship was for % crystallinity, followed by 
Core Peak height, then Processing Peak height and finally by Peak Temperatures 
again for which there was particularly low correlation. 
Figure 108 shows the data points for E-modulus. This shows no strong correlation as 
represented by low Rý values. The highest W values are for the Peak Temperatures 
but are still relatively low compared with the values for EaB and tensile strength. In 
this present study spherulite size was not measured. Spherulite size can affect 
mechanical properties of semi-crystalline polymers, particularly toughness and 
stiffness [Bessell et al, 1975; Deshmane, 2007] and so future study could investigate 
the effect of other factors (such as spherulite size) on mechanical properties, 
particularly E-modulus. 
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Table 10 lists the R2 values from Figure 106 - Figure 108. Values higher than 0.9 are 
shaded dark green and values between 0.8 and 0.9 are shaded light green to give a 
basic indication of the most important relationships. The description of these limits is 
that an R2 value of 0.9 -I (dark green) is of 'primary importance', a value from 0.8 - 
0.9 (light green) is of 'secondary importance' and any other value is 'unimportant'. 
These values show that the DSC characteristics % crystallinity, Core Peak Height and 
Processing Peak Height are the only ones to show important relationships with 
mechanical properties. Furthermore, these relationships are for EaB but not tensile 
strength and E-modulus. 
R2 value 
% Processing Core Processing Core Peak 
crystallinity 
Peak Peak Peak Temperature 
Height Height Temperature 
EaB - TO. 942 EO. 817 8 0.368 
Tensile 0.536 0.683 0.034 0.293 
strength 
E-modulus 0.105 0.059 0.106 0.555 0.223 
Table 10 Importance of R2 values 
It was observed in Figure 107 that data points for Fill Scan Count - High may be 
outliers. The specimens produced with Fill Scan Count - High (2) and Fill Scan 
Count - High (3) have already been shown as unique compared to all other specimens 
with respect to their lack of particle cores and thus single melt peak. It is therefore 
considered feasible that they may not follow the same trends as parts containing cores. 
It should be noted that building parts with Fill Scan Count set to above I is not 
common standard practice and so it would be useful to analyse the data considering 
the data points as residual and therefore excluding them from the charts. 
Figure 109 - Figure III show the same charts as Figure 106 - Figure 108 but with Fill 
Scan Count - High data points excluded. 
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The charts show considerably stronger correlation and the R2 values are listed in Table 
II using the same colour coding as Table 10 to give a basic relative measure of 
importance. The exclusion of Fill Scan Count - High values lead to markedly strong 
correlation between EaB and tensile strength and % crystallinity and Core Peak 
Height. As before, there is insignificant correlation for E-modulus. 
R2 value 
% crystallinity Processing 
Peak 
Height 
Core 
Peak 
Height 
Processing 
Peak 
Temperature 
Core Peak 
Temperature 
EaB 0.983 0.815 0.949 0.380 0.368 
Tensile strength 0.995 0.749 0.942 0.407 0.293 
1 E-modulus 
0.11 
3-32 1 0.255 0.252 0.223 0.022 
Table II Importance of R2 values (Fill Scan Count - High excluded) 
The analysis in this section shows that if all parameters are considered then EaB 
correlates strongly with the % crystallinity and Core Peak Height but that there is no 
strong correlation for tensile strength and E-modulus. If Fill Scan Count - High 
values are excluded, and thus all specimens contain particle cores, there is particularly 
strong correlation between EaB and tensile strength and % crystallinity and Core Peak 
Height. However, it is important to note that at this point % crystallinity cannot be 
considered a measure of DPM because no theory has been presented explaining how 
DPM relates to % crystallinity. This is discussed later in Section 9.4.2. 
9.3.2 Further analysis of selected DSC readings 
Section 9.3.1 established that % crystallinity and Core Peak Height measured by DSC 
closely related to EaB and tensile strength values. EaB was shown to correlate 
strongly with % crystallinity and Core Peak Height when all data points are included. 
When Fill Scan - High values are excluded tensile strength also correlates strongly 
with % crystallinity and Core Peak Height. Figure 112 - Figure 117 show these 
values on separate charts with error bars displaying ±I standard deviation in the X and 
Y axes. 
The purpose of these charts is to consider the conclusions regarding correlation with 
respect to random error (i. e. uncertainty). They represent all data points (i. e. the 
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spread), whereas the R2 values are only based upon the average values. They 
therefore indicate whether deviation from the trend line can be attributed to random 
error. A true value has a 68.3% chance of falling within error bars of ±1 standard 
deviation [Mathiesen and Pawl, 2003]. Tlierefore when the trend line intersects the 
perpendicular of an average data point between the error bars a statistically stronger 
relationship exists between the two factors (for example % crystallinity and EaB) than 
if the trend line passes outside the error bars. 
Figure 112 and Figure 113 show EaB plotted against % crystallinity and Core Peak 
Height respectively with data points for Fill Scan Count - High included. In Figure 
112 (EaB and % crystallinity) both X and Y standard deviation error bars for 6 of the 
9 data points overlap the regression line. I data point only overlaps in the X-axis and 
2 data points' error bars miss the regression line. In Figure 113 (EaB and Core Peak 
Height) both X and Y error bars for only 2 of the 9 data points overlap the regression 
line. 4 data points only overlaps in the X-axis and 3 data points' error bars miss the 
regression line though it should be noted that 2 of these data points had an X-axis 
standard deviation of 0. The relatively low number of data points overlapping the 
trend line in both X and Y in Figure 113 can be attributed to the much smaller 
standard deviation values for Core Peak Height than % crystallinity. 
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Figure 112 % crystallinity, EaB (Fill Scan Count included) 
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Figure 113 EaB, Core Peak Height (Fill Scan Count included) 
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32 31 30 29 28 27 26 
Crystallinity (%) 
Figure 114 and Figure 115 show % crystallinity and Core Peak Height plotted against 
EaB with data points for Fill Scan Count - High excluded. These are the same as 
Figure 112 and Figure 113 but have Fill Scan Count - High data points excluded. In 
Figure 114 (EaB and % crystallinity) both X and Y error bars for 5 of the 7 data 
points overlap the regression line, I in the X axis only and I in the Y axis only. It 
should be noted that these two data points only marginally miss the trend line. 
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Figure 114 % crystallinity, EaB (Fill Scan Count excluded) 
In Figure 115 (EaB and Core Peak Height) both X and Y error bars for 3 of the 7 data 
points overlap the regression line, 2 in the X axis only and 2 miss the trend line 
completely. 
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Figure 115 Core Peak Height, EaB (Fill Scan Count excluded) 
143 
32 31 30 29 28 27 26 25 24 23 
Crystallinity (%) Increasing DPM 10 
0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 
Core Peak Height (W/g) Increasing DPM 10 
Figure 116 and Figure 117 show % crystallinity and Core Peak Height plotted against 
tensile strength with data points for Fill Scan Count - High excluded. In Figure 116 
(tensile strength and % crystallinity) both X and Y error bars for all 7 data points 
overlap the regression line. 
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Figure 116 % crystallinity, tensile strength (Fill Scan Count excluded) 
In Figure 117 (tensile strength and Core Peak Height) both X and Y error bars for 3 of 
the 7 data points overlap the regression line, none in the X axis only, I in the Y axis 
only and 3 miss the trend line completely. 
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Figure 117 Core Peak Height, tensile strength (Fill Scan Count excluded) 
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Figure 118 and Figure 119 summarise the results of the analysis conducted on the 
relationships decided as important in section 9.3.1. The R2 values, which measure the 
strength of the relationships between the selected DSC parameters and mechanical 
properties, are presented in Figure 118. As described, these are all considered strong 
relationships (R 2>0.9) though the relationships between % crystallinity and EaB and 
tensile strength. with Fill Scan Count values excluded, are strongest. 
1 
0.99 
0.98 
0.97 
0.96 
> 0.95 
0.94 
0.93 
0.92 
0.91 
0.9 
(Fill Scan Count included) (Fill Scan Count excluded) 
Figure 118 R2 values from Section 9.3.1 
Figure 119 presents data showing the uncertainty of the trend line. For each 
relationship the number of data points for which the trend line passes between the 
standard deviation error bars in both X and Y are shown (green). The number of data 
points for which the trend line only passes between I set of error bars (A or Y', 
yellow) or neither ('none. pink) are also shown. These are expressed as percentages 
so that, for example, for the relationship between % crystallinity and EaB with Fill 
Scan Count values included 5 of the 9 data points have the trend line pass between the 
error bars in both X and Y which leads to a value of 56% in Figure 119. These results 
also show that the strongest relationships are between % crystallinity and EaB and 
tensile strength with Fill Scan Count excluded. A very similar pattern is apparent 
between Figure 118 and Figure 119 in that the green bars in Figure 119 follow a 
similar pattern to the blue bars in Figure 118. This provides validation of the 
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relationships between mechanical properties (EaB and tensile strength) and % 
crystallinity and Core Peak Height described in Section 9.3.1. In particular the 
strength of the relationship between % crystallinity and mechanical properties is 
confirmed. 
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9.4 Effect of DPM on selected DSC readings 
Section 9.3 established that there is strong correlation between certain DSC readings 
(% crystallinity and Core Peak Height) and mechanical properties (EaB and tensile 
strength). This section (9.4) presents a theory to explain how variation of DPM can 
affect % crystallinity and Core Peak Height. 
9.4.1 Effect of DPM on Core Peak Height 
As described previously in Section 7.2, and confirmed in Chapter 8 and Section 9.2, 
the right-hand side peak (Core Peak) on a DSC trace of an SLS produced part relates 
to the material that has not been melted by the laser. The size of this peak therefore 
relates to the total amount of this material in the specimen. Since the Core Peak and 
the Processing peak overlap, the peak height (rather than the peak area) is used to 
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indicate the peak size. DPM therefore directly affects Core Peak Height since Core 
Peak Height is a measure of the amount of material un-melted due to the DPM. 
9.4.2 Effect of DPM on Crystallinity 
In the context of traditional homogenous materials which are fully melted such as in 
injection moulding there is no reported necessary link between increased energy input 
and decreased % crystallinity. It is only in the context of a material consisting of 
semi-melted particles where the un-melted phase and the melted and crystallised 
phase have significantly different properties that this behaviour can be explained. 
As mentioned in section 4.4.4, the production process of the Nylon- 12 powder used in 
SLS results in a relatively very high % crystallinity. This value is roughly twice that 
of the material which has been melted and crystallised in the SLS process. The % 
crystallinity of the 3D Systems supplied virgin Nylon-12 powder used in the 
4principal investigation' stage of this study was calculated to be 47%. Figure 106 
shows that the % crystallinity of material processed with Fill Scan Count - High (2), 
consisting entirely of material that has melted and crystallised during the SLS process, 
is 25%. The reduced crystallinity of the melted and crystallised material may be due 
to factors such as higher cooling rate and/or the higher molecular weight of the 
material due to SLS processing [Zarringhalam et al, 2006]. 
The % crystallinity measured in all specimens in this investigation is the sum of the % 
crystallinity of the un-melted cores and the melted and crystallised (processed) 
material as shown in Figure 120. Figure 120 shows 4 bar charts representing 4 
specimens with different ratios of (un-melted) core to melted and crystallised material 
(MCM) phase volume. The y-axes correspond to the volume fraction of each phase. 
The x-axes correspond to the % crystallinity of each phase. In these schematic 
illustrations the core phase has a crystallinity of 47% while the melted and crystallised 
phase has a crystallinity of 25%. By multiplying the volume fraction of each phase by 
the % crystallinity of each phase and summing the values the total % crystallinity of 
the specimen is determined. The microstructure associated with each bar chart is 
schematically illustrated above each one. This shows the core size decreasing due to 
the increasing DPM. The first example, for '100% core', represents the un-processed 
powder but the particles are considered as cores to simplify the model. 
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Figure 120 Total % crystallinity as the sum of Core and MCM % crystallinity 
Based on this model it is suggested that the maximum theoretical % crystallinity of 
the part is that of the powder used and so by measuring the % crystallinity of the 
powder used, a 'crystallinity potential' can be determined. Such a model of the 
crystallisation must be considered along side other SLS factors to be of use. For 
example, an extremely low degree of particle melt where the particles are only melted 
sufficiently enough to join by point contact would result in a relatively high total % 
crystallinity however this part would be highly porous and presumably quite weak. 
Potential benefits of high % crystallinity have to be considered along with the 
potential for inadequate consolidation. 
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Many factors invariably affect crystallisation (notably including cooling rates and 
nucleation behaviour) however the above described phenomenon is suggested as a 
crucial factor in determining properties of SLS processed material. Further work 
would be required to analyse the roles of different factors, such as those mentioned 
above. 
9.5 Quantification of DPM by DSC 
Section 9.1 and Section 9.2 showed that varied energy input due to build parameters 
affects DPM (as observed by optical microscopy), mechanical properties (EaB and 
tensile strength), and DSC readings (% crystallinity and Core Peak Height). Section 
9.4 presented a theory to explain how DPM affects % crystallinity and Core Peak 
Height. DSC % crystallinity and Core Peak Height therefore theoretically can be used 
to measure DPM. Section 9.3 showed that DSC % crystallinity and Core Peak Height 
correlate strongly with mechanical properties (EaB and tensile strength). Since DSC 
% crystallinity and Core Peak Height theoretically measure DPM and also correlate 
strongly with mechanical properties it can be stated that TPM, as measured by DSC, 
correlates with mechanical properties'. This validates the principal hypothesis of this 
investigation given in Section 7.5 that: 
"'DSC can be used to quantify variability in the degree that particles melt in SLS 
processed material'. This 'degree of particle melt' (DPM) as measured by DSC 
should correlate with mechanical properties including EaB. " 
9.6 Double phase/single phase transition and the 
nature of crystallinity in SLS 
As shown in Chapter 6, for parts built with varied post build cooling rate, higher EaB 
(and lower % crystallinity) was associated with lower tensile strength whereas for 
parts built with different build parameters higher EaB (and lower % crystallinity) 
correlated with higher tensile strength. This increase in tensile strength with increased 
EaB and lower % crystallinity is unusual behaviour. Figure 36 presented in section 
6.1 showed how reduced % crystallinity normally reduces tensile strength. Lower % 
crystallinity is the actual cause of the changed properties. 
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The results of this investigation show that, in SLS, increased particle melt causes 
higher EaB and higher tensile strength which correlates with lower % crystallinity. 
This unusual behaviour may relate to the presence of un-melted cores. Figure 121 - 
Figure 126 show EaB, tensile strength and E-modulus plotted against % crystallinity 
and Core Peak Height. The X axes for these charts are in reverse order to show DPM 
increasing from left to right. Figure 121 - Figure 126 show the same data points as 
Figure 112 - Figure 117 but indicate those data points where cores were present 
(double phase) and those where no cores were present (single phase) which were the 
data points for Fill Scan Count - High. Independent trend lines are plotted for each 
(red). The blue dashed line does not represent the actual boundary between the 
double phase and single phase regions. The actual boundary could lie anywhere 
between the last data point in the double phase region and the first data point in the 
single phase region. Therefore for each region the trend line is extrapolated into the 
neighbouring region. These charts show a striking difference in mechanical 
properties between the double phase material (cores) and single phase material (no 
cores) which is subsequently discussed. 
Figure 121 - Figure 123 show mechanical properties plotted against % crystallinity. 
Figure 121 (EaB) shows no major change for the single phase specimens except 
possibly for an upwards shift of the trend line with no major change in gradient. 
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Figure 121 Double phase / single phase transition for % crystallinity, EaB 
Figure 122 (tensile strength) shows an apparent instantaneous tipping point at the 
transition from double phase to single phase specimens where the gradient changes 
from negative to positive (in real terms since the x-axis is in reverse order). 
T 
T, 
Double phase Single phase 
(Fill Scan 
Count - High) 
51 
49 
cl 47 0. 
45 
43 
41 
39 
32 31 30 29 28 27 26 25 24 23 
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Figure 122 Double phase / single phase transition for % crystallinity, tensile strength 
152 
Figure 123 (E-modulus) showed no discemable trend except that the data point for 
Fill Scan Count - High (3) (which is single phase and received the highest energy 
input of all specimens) had the lowest E-modulus value by a considerable amount. 
Also while the standard deviation of most other specimens for E-modulus was 
comparably large, that for Fill Scan Count - High (3) was significantly smaller. 
32 31 30 29 28 27 26 25 24 23 22 
Crystallinity (%) increasing DPM P. 
Figure 123 Double phase / single phase transition for % crystallinity, E-modulus 
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Figure 124 - Figure 126 show mechanical properties plotted against Core Peak 
Height. As would be expected, given the relationship between % crystallinity and 
Core Peak Height, the charts for Core Peak Height show similar patterns as those for 
% crystallinity. Figure 124 (EaB) shows little change for the double phase specimens 
except for a possible shift upwards as also observed in Figure 121 for % crystallinity 
and EaB. Similar to Figure 122, Figure 125 (tensile strength) also shows an apparent 
tipping point at the transition from double-phase to single phase specimens where the 
gradient changes from negative to positive. However this may potentially be a 
gradual change since a third order polynomial trend line appears to fit the double 
phase data points well and the extrapolated part of this line passes through the first of 
the single phase data points even though it has a relatively small spread. More data 
points would be required to prove this, as discussed later in Chapter 11. Since the 
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Figure 126 (E-modulus) automatically had the same lowest E-modulus and standard 
deviation as in Figure 123. 
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Figure 124 Double phase / single phase transition for Core Peak Height, EaB 
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Figure 125 Double phase / single phase transition for Core Peak Height, tensile strength 
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Figure 126 Double phase / single phase transition for Core Peak Height, E-modulus 
The major observations from Figure 121 - Figure 126 considered unusual in typical 
polymer processing were: 
Increasing strength and EaB with decreasing % crystallinity for most data 
points. 
Sharp change in trend of increasing strength to decreasing strength at double 
phase/single phase transition. 
Lowest E-modulus (and low associated standard deviation) for single phase 
data point. 
Decreasing % crystallinity usually results in decreased tensile strength which is not 
the case for double phase material (cores). Section 9.4.2 described why % 
crystallinity reduces with increased energy input and DPM- Since the % crystallinity 
itself is determined by the numerical fraction of melted core rather than levels of 
crystallisation of the bulk material, its effect on material properties may have to be 
considered secondary to and dependant on DPM. DPM would therefore be 
considered responsible for levels of % crystallinity and mechanical properties which 
then correlate with each other as a result of this common dependency rather than an 
actual dependency on each other. In other words it is mechanism/s associated with 
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DPM other than the total % crystallinity associated with DPM causing the unusual 
trend of increasing tensile strength. 
Although the actual mechanism is not determined, and beyond the remit of this 
investigation, it is possible that the presence of particle cores hinders tensile strength 
and so the reduction in core size (through increased DPM) results in increased tensile 
strength. Additionally, increased energy input and DPM may affect the nature of 
particle consolidation in a manner that improves the tensile strength. This analysis of 
the nature of crystallinity and the double phase / single phase transition lead to 
specific recornmendations for further work detailed later in Section 11.2. 
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10 Conclusions 
10.1 Summary of conclusions 
The title of this thesis is 'Investigation into Crystallinity and Degree of Particle Melt 
in Selective Laser Sintering'. Crystallinity relates to and determines mechanical 
properties in traditionally processed polymers. The nature of crystallinity in SLS 
processed Nylon-12 has been examined in this study and shown to be fundamentally 
different to that of traditionally processed polymers. Rather than depending primarily 
upon crystallisation factors such as cooling rate, it was shown to depend on the degree 
of particle melt (DPM). DPM was shown to be quantifiable by DSC measurements 
(by the % crystallinity and Core Peak Height) and distinct relationships between the 
quantified DPM and mechanical properties were found. 
With regard to traditionally processed polymers, one would describe the effects of 
processing characteristics (such as machine configuration) on % crystallinity and then 
the effects of % crystallinity on mechanical properties. This study has shown that in 
SLS it is more appropriate to describe the effects of processing characteristics on 
DPM and then the effects of DPM on mechanical properties (at least partly due to the 
effects of DPM on % crystallinity). These alternative sequences of cause and effect 
are illustrated in Figure 127. Whether it would be more appropriate to sequentially 
describe the effects of DPM on % crystallinity and then the effects of % crystallinity 
on mechanical properties or to describe the effects of DPM and % crystallinity on 
mechanical properties concurrently could be addressed in finther study. 
Traditional Mechanical 
polymer 10 
1 Processing 1---o. stallinity properties 
processing 
Mechanical 
AS 01 Processing 
T-O. PM --. 0. properties 
Figure 127 Cause and effect in traditional polymer processing and SLS 
It is important to differentiate between the % crystallinity as a reading from a DSC 
trace exclusively to quantify DPM, and the actual crystallinity itself and its effects on 
material properties. 
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10.2 Specific conclusions 
10.2.1 Post build cooling 
Temperature logging showed that parts do not cool below the crystallisation 
onset temperature during build showing that control of post build cooling rate 
can indeed directly affect part crystallisation. 
2. Increased cooling rate in the post build stage of the SLS process is feasible and 
results in a marked increase in EaB. 
3. It seems unlikely that EaB of SLS parts can be increased by an order of 
magnitude via changes in cooling rate. 
4. Percentage crystallinity did not correlate significantly with cooling rate and 
mechanical properties. 
10.2.2 Degree of particle melt 
1. Un-melted particle cores and the surrounding material which has melted and 
crystallised have been shown to relate to separate peaks on a DSC trace. The 
peaks relate to the total volume fraction of the different phases. 'Degree of 
particle melt' (DPN1) was introduced as the term to describe the amount that 
particles have melted. The context of the DPM as a 'missing link' between 
build characteristics and mechanical properties of parts produced is illustrated 
in Figure 128. 
Processing Mechanical properties 
-Buildparameters -EaB 
-Machine -Tensile strength characteristics -E-modulus 
Figure 128 Context of DPM 
2. DPM was varied in numerous specimens by varying machine parameters. 
Variation of the DPM was verified by optical microscopy. 
3. Total % crystallinity and the height of the DSC peak associated with the un- 
meIted particle core (Core Peak Height) were used to quantify DPM. 
4. Quantified DPM (% crystallinity and Core Peak Height) correlated strongly 
with changes to mechanical properties. 
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10.2.3 Nature of crystallinity in SLS 
1. Reduction in total % crystallinity with increasing DPM was associated with a 
6crystallinity potential' which is the maximum theoretical % crystallinity 
based on the % crystallinity of the un-melted powder. The % crystallinity 
decreases as the ratio of core to background material in a specimen decreases. 
2. Material was identified as 'double phase' and 'single phase' depending on 
whether it consisted of un-melted cores and melted and crystallised material 
(double phase) or entirely melted and crystallised material (single phase). 
This characteristic of a material resulted in contrasting trends between DPM 
and mechanical properties. For double phase material, increasing energy input 
and DPM resulted in increasing EaB and increasing tensile strength with no 
apparent trend in E-modulus. For single phase material, increasing energy 
input resulted in increasing EaB but decreasing tensile strength and decreasing 
E-modulus. 
10.2.4 Practical implications of research findings 
1. It was shown that post build part cool down procedure can theoretically effect 
part properties and was seen to do so. The post build procedure could 
therefore become a controlled aspect of the build procedure to improve 
reproducibility of properties. 
2. The research findings could help with the development of new materials. The 
understanding of the importance of DPM and the fact that it can be easily 
quantified means that small scale laboratory tests could be performed at the 
early stage of material development focussing on the effects of various factors 
on DPM. 
3. The factors mentioned in 2 above could relate to energy input but could also 
relate to other aspects such as particle size, particle geometry and particle 
crystallinity for which it may be far more practical and economical to prepare 
or obtain small amounts (in the order of grams) rather than larger amounts for 
building (in the order of kilograms). 
4. The understanding of DPM could help with the development of SLS 
machines. The effect of energy input on mechanical properties due to DPM 
means that the development of machines should focus on achieving controlled 
DPM. Since DPM can be easily quantified, experimental rigs could be 
constructed to test effects of various factors (e. g. machine insulation) on DPM 
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before redesigning or modifying existing machines or even constructing new 
entire machine prototypes. 
5. As with 4 above, the understanding of DPM could help with the development 
of build strategies used in SLS. Factors such as laser scan path, laser 
parameters (e. g. power), layer thickness and powder heating could all be 
developed with a focus on DPM. 
6. Further to 5 above, the build strategy (particularly laser parameters) could be 
adapted to purposefully vary the DPM throughout parts. This would 
effectively result in a Functionally Graded Material (FGM). FGMs have been 
described as a 'form of composite where the properties change gradually with 
position' and that 'the change in the property of the material is caused by a 
position-dependent chemical composition, microstructure or atomic order' 
[Erasenthiran and Beal, 2006]. With regard to varied DPM it is the 
microstructure that would cause the change in properties. 
7. The above points describe the potential importance of DPM for development 
of materials and process development. DPM could therefore be used to 
develop new models of the SLS process which would model the process of 
particle melt as a function of energy input. 
8. Measurement of DPM could be implemented into quality control procedures. 
Parts that have failed within their intended operating conditions could be 
analysed for DPM at or near the point of failure to determine if this was the 
responsible factor. Machine setup could then be initially investigated before 
attempting to redesign a part. 
9. Coupons for measuring DPM could be placed within the build volume as is 
sometimes performed with tensile dog bone specimens to check repeatability 
of builds. This could be advantageous over the use of dog bones since the 
parts could be much smaller and could therefore be dispersed throughout the 
build volume. Automated DSC specimen handling robots are typically offered 
for use with DSC machines which would result in more efficient testing. 
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11 Recommendations for further study 
This chapter is comprised of two sections. Section 11.1 lists general 
recommendations for ftirther study and section 11.2 presents Rirther analysis which 
leads to a specific hypothesis for further study. 
11.1 General recommendations 
1. Work should be directed towards characterising the individual phases present 
in SLS parts more precisely. DSC could be used with variation of parameters 
such as heating rate and sample mass to attempt to separate the melt peaks. 
Modulated DSC could also possibly help in this respect due to the removal of 
any potential recrystallisation activity during melting. Other methods could 
also be used such as X-ray diffraction. X-ray diffraction would confirm the 
type of crystal forms present in the different phases (cc and/or y). 
2. Unusually high peak melt temperatures were observed for SLS Nylon-12 
material so it would be interesting to analyse the crystal structure of this 
material in more depth using techniques such as X-ray diffraction. 
3. In process cooling rates and crystallisation should be investigated to see if 
these can be controlled and whether material properties are affected. Sintering 
is a time dependant process so factors affecting melting and crystallisation 
time during the build process could be critical. Such factors include the speed 
of the laser beam, the roller speed and more generally the entire individual 
layer build time. 
4. The double phase/single phase transition should be investigated by gradually 
varying one parameter only e. g. laser power. A higher number of data points 
would show the nature of the transition i. e. whether it is an instantaneous 
tipping point or a more gradual change. 
5. DPM should be varied by looking at variations to individual parameters (as in 
4 above) so that the specific influence of different parameters on DPM can be 
determined. 
6. Numerous factors affect mechanical properties including porosity. Further 
work is required to understand further the relative influence of the various 
factors including DPM and porosity. 
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7. It would be useful to employ image analysis techniques to quantify the amount 
of visible cores in the micrographs obtained. These results could be compared 
against DPM values as described in this thesis. 
8. The model shown in Figure 120 (describing the total % crystallinity as the 
sum of the % crystallinities of the two phases) could be used to predict the 
total % volume of cores using micrographs and tested using DSC % 
crystallinity values. 
11.2 Specific hypothesis for further work 
Of particular interest is the change in trends at the double phase/single phase 
transition described in the last discussion section of this thesis, section 9.6. The 
presence of cores will affect the nucleation and crystallisation behaviour of the 
material resulting in variations to microstructure. Differences in microstructure can 
be directly responsible for variations in mechanical properties. 
Figure 129 illustrates the possible difference between the microstructure of double 
phase and single phase material, even when the cores in the double phase material are 
relatively small. 
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Figure 129 Crystallisation of double-phase and single phase material 
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For both materials in Figure 129 the melting and crystallisation are described in 4 
stages. Stage 1 shows the un-melted powder which is the same for both materials. 
Stage 2 shows the melted particles at the instant before crystallisation commences. 
The double phase material contains un-melted particle cores surrounded by the melt 
while the single-phase has received extra energy and so consists only of melted 
material. 
Stage 3 shows nucleation and crystallisation. For the double phase material 
nucleation is heterogeneous with the surface of the particle cores as the predominant 
nuclei. For the single phase material, in the absence of particle cores which act as 
predominant nucleation sites, nuclei may consist of a combination of, for example, 
residual nuclei from the fidly molten particles, additives and dust, with none 
dominating in the manner of the particle cores. Depending on the degree of melt and 
the melt's composition it is feasible that homogenous nucleation (that can be observed 
in, for example, injection moulding) may also occur. The difference between the 
specimens as a result of the different nucleation behaviour is that for the double phase 
material the material crystallises easily from the particle cores so that crystallisation 
from other nuclei (as listed for single phase material) is inhibited. Due to the volume 
occupied by the particle cores, primary crystallisation completes faster which also 
reduces the chance of other nucleation occurring. For the single phase material 
nucleation occurs from a higher number of nuclei (considering each particle core of 
the double phase material as one nucleus). 
Stage 4 shows the crystallised material. The microstructure of the double phase 
material consists of relatively large spherulites containing particle cores. The 
microstructure of the single phase material consists of smaller spherulites, in larger 
numbers, without particle cores. 
The behaviour illustrated in Figure 129 would depend upon the crystallisation rate of 
the molten Nylon-12. The described behaviour would be more likely with relatively 
slower crystallisation rates whereas it may be less pronounced with faster cooling 
rates. Future work investigating this would therefore have to consider the 
crystallisation rates involved. The crystallisation rate of a given material varies with 
temperature [Michaeli, 1995] so experiments involving DSC using isothermal 
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crystallisation at different temperatures could be performed and the resulting 
microstructure compared. 
Figure 130 and Figure 131 show micrographs of specimens built with Fill Laser 
Power - High (13.5W) and Fill Scan Count - High (3) respectively. Figure 130 (Fill 
Laser Power - High) is the specimen which received the highest energy input while 
still maintaining a double phase composition. Figure 131 (Fill Scan Count - High) 
received the highest energy input of all specimens and is single phase. Half of each 
micrograph has particle cores annotated in green and spherulite boundaries annotated 
blue. The annotation is not complete as it is not always possible to differentiate 
optically between the different regions/phases. 
Figure 130 shows large spherulites crystallised from the un-melted particle cores. 
Figure 131 shows no cores and a larger number of smaller spherulites which supports 
the concept of the crystallisation behaviour illustrated in Figure 129. This shift in the 
nature of the microstructure with the transition from double-phase to single-phase 
material may be responsible for the observed shift in trend of changing tensile 
properties at the double phase / single phase transition described previously in Section 
9.6. 
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The low E-modulus found with the single phase material, or rather the high E- 
modulus associated with double phase material could be attributed to high total % 
crystallinity but also possibly to typical large-particle composite behaviour. A typical 
large-particle composite contains a particulate phase (filler) which is harder and stiffer 
than the matrix. These are generally different materials such as the use of glass beads 
with various Nylons. These particles restrain movement of the matrix phase 
surrounding each particle thus causing increased stiffness and E-modulus [Callister, 
2003]. The SLS material analysed in this investigation is chemically not a different 
material but considering the un-melted powder's significantly higher % crystallinity 
(which would theoretically result in increased stiffness and hardness) it could be 
considered analogous to a large particle composite as described above. This would 
explain why the transition to the single phase state (i. e. no cores) results in reduced E- 
modulus. 
A hypothesis for further study is therefore that single phase material behaves as a 
traditionally processed polymer whereas double phase material behaves as a particle 
filled composite and must therefore be treated as a quasi-composite, obeying the 
associated laws of composite theory. 
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Appendix 1. Blackbody calibration of pyrometer 
The pyrometers used in the 3D Systems Vanguard SLS machine are not calibrated to 
give correct values and these values can also 'drift' over time. However, the IR 
sensors can be calibrated using a black body source, as described in the 2004 
SLSSLAUG Conference presentation *Calibration of Sinterstation IR sensor' [Allison 
and Alexander, 2004]. This is shown in Figure 132. The blackbody source is 
essentially a hotplate with high temperature epoxy coating. This is placed on the part 
piston in the SLS machine level with the normal powder bed surface. A 
thermocouple is attached to measure close to the target region of the pyrometer. The 
hotplate is set to different temperatures and the temperatures from the pyrometer and 
thermocouple recorded and plotted against each other on a characteristic curve as 
shown in Figure 133. This curve and the equation of the line is used to correct the 
readings from the IR sensors. 
Figure 132 Blackbody calibration of pyrometer 
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Figure 133 Pyrometer characteristic curve 
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Appendix 2. Thermocouple calibration 
The thermocouples used were K-type wire with exposed tips for fast response. These 
were fabricated and then checked at 3 temperatures against another UKAS laboratory 
calibrated thermocouple. The required working range was between approximately 
20'C and 200'C and so the thermocouples were checked at approximately 0,100 and 
250'C. For additional certainty and to confirm correct operation of the data logger 
the 100 'C test was perfon-ned to check readings against the boiling point of water. 
Figure 134 shows the thermocouples being calibrated at the boiling point of distilled 
water. Distilled water was placed in a conical beaker. The thermocouples were 
attached together so that their tips were located together. They were placed in the 
beaker 2cm from the surface of the water. The entrance to the beaker was then 
packed with cotton wool. As the water boiled the thermocouples measured the 
temperature of the steam as this should be exactly 100'C. Figure 135 shows that once 
boiling was achieved all temperatures were well within +/- 0.5 deg of 100'C and so 
no correction was required. The maximum deviation from the laboratory calibrated 
thermocouple was 0.5'C which is acceptable for the purpose of this investigation. 
Figure 134 Thermocouple calibration at boiling point 
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Figure 136 shows the thermocouples being checked in crushed ice at approximately 
O'C. This method requires measuring water at the point of melting. The conditions 
of the experiment did not provide for a dependable source at O'C however the results, 
shown in Figure 137, do show again that at this temperature the maximum deviation 
from the laboratory calibrated thermocouple is under 0.5'C. 
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Figure 135 Results of thermocouple calibration at boiling point 
Figure 136 Calibration using crushed ice 
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The thermocouples were finally tested against the laboratory calibrated thermocouple 
in a conventional oven at approximately 2501C as shown in Figure 138. Again the 
maximum deviation from the laboratory calibrated thermocouple was under 0.50C and 
so no correction was required. 
Figure 138 Calibration in conventional oven 
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Appendix 3. Preparatory schematic cool down curves 
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Figure 139 Preparatory schematic cool down curves 
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cooling rates 
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Appendix 5. Original stress strain plots for Chapter 6 
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Figure 147 Original stress-strain plots for T4, tested at I mm/min 
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Figure 148 Original stress-strain plots for T5, tested at I mm/min 
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Figure 149 Original stress-strain plots for T6, tested at Imm/min 
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Figure 151 Original stress-strain plots for TI, tested at 5mm/min 
199 
Cý C) CD 0 CD 999 Cý Cý 0 U') P LO (0) CIA cli Lf) 
2 
C 
C 
N 
Lo 
m 
47) 
0 
CY) 
CD 
C4 CD 
It) J 
00 
CO) L: 
Z 
UJ CL 
Figure 152 Original stress-strain plots for T2, tested at 5mm/min 
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Figure 155 Original stress-strain plots for T5, tested at 5mm/min 
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Figure 156 Original stress-strain plots for T6, tested at 5mm/min 
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There currently exists the requirement to irWrove reproducibility anti mechanwid propertie, fit SLS Nylon parts tor rapid ulanuracluring 
(RMi In order to achieve this. further fundanwntal researuh is needed and thiý paper addres4es this need by inve. stigating efiects oI po(cmial 
, ource, if [be lack 4 reproducibility and reports effects in relation to crystal structure. inwrosiructure. clienut-al structure (inoleculir uvighl 1 and 
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the rmcro, 4ructure tit rhe pans Molecular weight of parts was significantly higher than virgin powder but used powderal- sh-ecl in increase in 
rriolecular weight This was ýlated to improved elongation at break ol: part., built front the u., -d powder. consistent w nb ""r,, )U, Ud" "rerimle 
%trength showed some increase with machine parameters selected for improved strength but Young'% 1110, JUILIN values were broadly siniflar 
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1. Intnodticilmi 
Rapid manufaLluring iRM) is a family of technologies where 
products are made in an additive way directly front 3D CAD 
data. A ithout the need foi viol ing. The technology was origi- 
nally known a, rapid prototvping! (RP) since tile properties of 
parts produced were genefally only suitable for prototype parts. 
However. the technologý has evolved to the point wliere RM is 
a viable manufacturing technique in numerous application areas 
[1,21. 
Selective la%er sintering i SI-Si is a commonly used technique 
in RM 131 and has proved to be suitable for various applications 
including the cfemiori of bespoke hearing aids 141 and pam for 
Formula I racing car, 151. The aerospace industrýý in particular 
has recogni%ed the advantages of SILS tot RM where it is cur- 
rentiv the mom widely used technique [t)). Some aircraft already 
have numerous SILS production pam as standard 13.7 1 however 
the applications are still limited. partlý due to tile 11whanical 
propevies of part, produced. 
C-rý-hng author Ttl +44 15(og 2275M. fax +44 1, " 127.549 
E-.., l rddm- 1-hit w lb-, ac uk, H Zaxr.. phl= i. 
Selective laser sintering produces parts by using a laser to 
wiectivelv sinter individual lavers of a material in a powdel- 
form (pol ymers, metals, ceram ics). SILS systems are currends, 
available coninnerci. -dly front two different manufacturer% %% hich 
are 3D Systems ofthe United States 4pievioush, DTM); tnd EOS 
kit Gennany. Prior to build a CAD model must be created and 
then ptocessed which includes 'slicing' die CAD model into 
0.1-0.15nim thick 2D lavers. After (his the data is sent to the 
machine for part building %%hich is d,, scrilled in Table I. Ft)llo%%- 
ing build the put is reinoved from the unsinlejed po%% der and 
loose particles brushed and/or prayed off gently rising com- 
pressM air. 
Semi-crys tall i ne polýmeis (ptiedoininanil) Nylon l2and II 
can he successfully sintered with superior niechanical proper- 
ties than aniorphous polymers 18.91. However. shrinkage during 
crvstallisatioji hinders production ofaccurMe parls 1101. For thiý 
reason it Is essential that for niaterialý tobe pfocesed tiý SILS tire 
melt temperature he considerably higher than the crystallisation 
temperalure so that ciyNtallisalion can he delaytd and reduced 
during the build process IIII to allow new layers to bond to pre- 
vious layers with a more 11101110ge[IOUS Iniciostructuie. A high 
enthalpy of fusion is also preferable to pre%ent inching tit po%% - 
der particles local to the, particles targeted by the laser due to 
conduction of heat. [it addition. dLlFiflg laser sintering. a narrow 
0921.509. Iis - ý, i, i ýkr, AD _KM EI--, BV All ýeht, -1-d 
J. c 10 10 1 2(»t, 07 084 
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melt temperature range in combination with a lou inelt viscosity 
is required to achieve the necessar) level of fluidity very quickly 
%k ithout inputting excess energy II I]. 
Molecular weight is well known to be a critical characteristic 
lien describing poýN mers in general [ 121 and the %&eight average 
molecular weight Wý) directlv affects the inelt viscosity 1101. 
The melt flow procedure is used to characterise inelt viscosity 
bv (he nielt flow index jMFI). Lou MFI is aisocialed with high 
melt viscositý and high molecular weight. Gornet et al. 1131 and 
Shi et al. 1101 investigated the effects of powder nbelt viscosity 
and rrlaled lower MFI (and therefore higher mell viscosity and 
M, ) to improved mechanical properties particularly elongation 
al break (EaB). It is standard practice in industry to blend virgin 
powder %% ith used to maintain acceptable part properties %% hich 
deteriorate with continued use of used powder 113 1. The thermal 
load during the build prck--ess is pres"urn, ed responsible for the 
increase in molecular weight and thus increased melt viscosity. 
Virgin powder is normally riot used on its own in order to reduce 
associated costs. For RMconsistency in mechanical properties is 
particulai ly important and so it is important to tackle the existing 
potential for lack of reproducibility of properties. 
NvIon 12. as %% ith other aliphatic Nylons. has been widelý 
shown to forin %table crystal structures of either the ci- or -y- 
form 114.151. For Nvlon 12 the -y-fomi. %%filch is more stable. 
aluavs melts al a higher temperature than the ox-forim 1161. It 
has been demonstrated that under die majority of processing, 
condition the liquid phase %k ill LTystallise to the -y-forin. which 
i, therefore the most conirnonly found crvstal form in NvIon 12. 
However. cerlain conditions do result in the a-forni. These have 
been reported as solution casting (at atmospheric or reduced 
pressure, below 90"Cl [ 161. dra%% ing just belou the melt point 
and high pressure crystallisation 12 11. It has been dernonsum led 
that the proportion, of (x- and -y-form can be altered 1 from 0% to 
100% for each) hy controlling the thernial history it 6,17 1. Dif- 
ferent variations of the basic a- and -y-crystal forms have been 
created depending on processing conditions and these can be 
transfonned from one to another tiý nurnerous method% depend- 
frig from %&, filch and to which cr%stal forni the material will be 
transforined [ 18-2 11. 
Studies rel: vorting melting points for the -y-form were 
reviewed by Aharoni 1151 and values ranged from 172 to 18-5 "C 
%% ith most data points close to 179 ^C. The melt point of the 
less common o-form has been reported as ca. 17-1 ýC 1161. SILS 
Nvlon is obtained bv dis; ol% ing polvairlide- 12) in ethanol under 
pressure al elevaled temperatures followed by slow crysialliza- 
tion theretiv forming crystal, u ith ai elatively high melting point 
of ca. 190 "C and a relatively high heat of melting [9,111. TV 
crystal structure of SLS Nylon powder of part, has not been 
reported oil however the slow cooling rate during production 
would likely result in thevirgin powder Mng comprised of iel- 
atimely large crystals. The production process for SLS Nylon 12 
does not exactlv ineet the requirements toi formation of (x cr)%- 
tal form and die high nielt temperattifes ineasured indicate the 
Published inforniation relating to alternative niethods for 
manufacture of SLS powder describe, how standard Nylon 12 
can be modified to increase the melt temperature with insignih- 
card increase tothe crystallisation temperature 122 1. The process 
described involves healing, powderor granules oftlie material in 
stearii forextended time duration (tip to 100 h). It is claimed that 
this increases the. nwlt temperature by allowing dw nioloculm 
chains to be re-arranged. It is knoA it that 'e%en nunihered* iiýlons 
such as Nylon 12 can onlv achieve full inter-niolecular hydrogen 
bonding and thus crystallisation by (lie mokciflaf chains align- 
ing in an anti-parallel arrangement [ 141 arid it is thought that this 
is hou the chains am 'rearranged'. 
N'oung*s modulus arid tensile strength of %elective laser sin- 
tered NvIon 12 are com parable with values, for ilandard injection 
moulded samples 1231. Howemer FjB iwhich indicates ductililv) 
is at least an order of magnitude lower. Gornel etal. 1131 demon- 
strafed hoix, inechunical propeilies can vary between different 
machines and even for the same machine in different tLtild,. 
Salehetal. 1241 andGihson and Dongping [251 showedconsider- 
able variability fordifferent part orientation and parts built indif- 
ferent locations in the build volume %% ithin the same build. Ton- 
towi arid Childs 1-161 invemigated the effect of powder bed lem- 
perature (ambient build powder surface temperature) on den%itý 
arid showed that small variations in 10111ptialUre have a marked 
effect on pail density which can affect mechanical properties. 
The SLS machine manufacturer-, supply powderand their key 
published mechanical rand otheri properties. for Ilk-ii respec- 
five SLS Nylon 12 powder%. are surnmarised in Table 2. Since 
the machine parameters used to penerale Ihe data are no( given 
by both ma nu fact urers and because the data is generated using 
different standards. this cannot be conipared directly. It should 
therefore on1v he used to roughly gauge the potential of SLS 
Nylon 12. Where manu fact tires quoted a range of the 
average has be, n given. 
Front the application of SLS as a production process. the 
requirenient to improve reproducibility and mechanical proper- 
ties of SLS Nylon parts for RM exists. In order to achwve this. 
further fundamental knowledge of the undeflyinp mechanisms is 
needed. This papej addresses this need by investigating effects 
TAble 2 
Mmulýiu- pvhitýhoj mucrial, projý, rtw, lot SLS hlýlort 12 127.28) 
ID S, wm, LOS 
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of build procedure. pararnetefýs and powder blend and reports 
effect% in relation to crystal structure. iniemstructure. chemical 
structure (molecular m eight) and mechanical properties. 
2. Nlethodolop 
Different specimens of SLS Nylon 12 powder and parts 
were analysed. Powders with different Ihennal histories were 
analysed and parts were produced from these. These are surn- 
marised in Table 3 and explained further in Section 2.1. Partý 
and powder w ere obtained from TNO Science and Industm and 
the Rapid Manufacturing Research Group, Loughborough Unj- 
versirv. These are referred to as TNO and Lboro. respectively 
Different machineý were used which %ere already configured 
%ilh contrasting parameters, This %%as intended to provide a 
wider range of data. Each machine was used with SLSNvlon 12 
powder supplied by the respective machine manufactures. The 
differences are explained further in Section 2.2. 
The powder specimens were analysed for moleculat 
weight distribution bý gel permeation chromatography (GPCý. 
thermal properties and crvstal structure bv differential scan- 
ning calorimetry (DSCi. and microstructure by optical micro- 
scopy. Part specimens %%ere also tensile tested for nk-chanical 
properties. 
1. Prepanition (! flx)%, fer 
Powder %%as prepared in different ways prior to buildinp. as 
fol lox% S: 
1. Virgin: PcK% der that has never been pfo: essed in a Iaser sin- 
tering machine. 
2. Used: Paii cake and owrflm pou der that has teen through 
a complete SLS run. 
3. Refreshed: A mix of 6714, used and 3Yý virgin powder. 
2. ý. PartimOuction 
Standard ten %ile test specimens (as shown in Fig. 1) A ere pro- 
duced according to ISO 527-2 1 A. The parameters of the TNO 
machine %%ere set foi optimized mechanical properties while 
those for the Lbm machine were configured foc optimized 
accuracy A hich %%*as anticipated to give reduced mechanical 
properiie%. Both machines can be confirtured foreilliet improved 
mechanical properties or irnMived accuracy and so the choice 
Sp. rn,. m h't 
Source 
Pýder Pýn, f 
EOS PQ-100 p, -&,. EOS PISO V,, Itn V"F. rk 
TNO rrmctunc t tu m-d for mýhamcal U,, J - 
projxm., ý R., fr,, h,, J RýI -4W 
ýDS 
, ýq, rn, 
Dutd-m PA p-der. Vayin 
Lt, - 3D Sý -Am, Viriptard ma, h, w Ll-d Lled 
(tune, j jo, -k-, Rfr,, h,, d R, tr,, hd 
\----I 
F. 1, I R. ddýlup 
of configuration for this research was simply based ulx)f) the 
existing configurations already in use by I lie di I lerent opeiatoj,, 
The powder Ivd temperature ot the Llxwo machine %asadjusted 
for each type of powder while the powdei txd lempetalme ol 
the TNO machine was kept constant for all jvwder týpe, Dit- 
terenc, ý s between the two different machines and their particular 
build -setups are listed in Table 4. [it order to ensure- thermalk 
stable conditions a base layer of two centimetresand 2 top laývr 
of (ve centink-tre were used for each ran PjjjS were built Ilat. 
laid parallel to the machine x-axis. at fixed places in ilk, middik, 
of Elie build area as shown in Fig. 1. 
2.3. Molecular weight 
The molecular weight was determined hý GPC by diýmf: 
25 nW samples at 120 `C (of I It. The samples were then dis- 
solved at rootli temperature in 5 ml chloroform (stabilized %% 11h 
arribilerr)andO. 5micifluoi acefic acid anh%dride(TFA). Attet 
2 If dissolving the solution was diluted willi 20 all chloroform. 
This solution was filtered without heating and analysed using 
two WaterTm Styrageli' HT6E. 7.8nim ý 100mm column, 
in vombination with a diffeiential ilefractive index detecl, v 
(WatersTm 410) and a tuneable absorbance detector iWatersTm 
486), it wavelength 264 nni. Polystyrene was used a, tile refer- 
ence material. 
T. W 4 
M-hi-Jill-m- 
TNO LK- 
P. ýt", V, MýU. ft M-hm-l Av-, 
kt. ch. m. EOS P34) 3D Sy- %'ýIruwd 
P. A-'-'"l Mllo. 12 PA N'l- 12 
01 01 
P, d- dl-. C, - H., pr- 
ý, Iwn- 
F-, d p, -Jý 'Clkj' 1 -50 'cl Wwýj ý+ "11c, 
Bu. kl pltfwm H-tA U. N... j 
L. - tý-- (fill) 45 7 %% ON". 50W) IIW 
L- r- (-d-i I (19 Nk' %W1 
5W 
S, -m 'J. "J 
S, dn lpw. kv 0ý3mm 0 15mm 
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Differential scarining c. alorime(rN i DSC i %%as used to deter- 
mine thermal properties in order to study melting and crystal- 
lization behaviour and to identify crystal fýnns. Samples of'rnass 
ca. 10 mg were ani , I, rsed in a 'Thermal Analvsis' DSC machine 
under nitrogen flou. Samples %ere heated from room temper- 
alure at 10, Chnin to 200, C and then immediate]%, cooled at 
10"C/min. 
2.5. Micnstructuir 
The microstructure of the processed materials wai analyzed 
via optical rnicroscopý. Samples of ýt-5 l. Lm thickness were cut 
at room temperature by microtome. Images were taken in bright 
field polarized illumination. 
2.6. Mechanicalpmperries 
Tensile data was recorded using a clip-on extensometer. Each 
tensile test ua,, executed with five individual specimens and 
results for tensile elongation at break. ultimate tensile strength 
and Young'% modulus were recorded. 
Rcýijlts and diwti, sion 
3.1. poudel 
3.1.1. Virgin jxm tier: ýmnjmn son of Lhon) and TVO 
jxm der In thermal antih 3is and molecular weight tvialms 
Fig. 2 shows DSC result, foi Lboro and TNO virgin pou- 
der. Both show relativelv sharp single endotherivis with inelting 
peaLs at 189 'C for TNO virgin powder and 188 ýC for Lboro 
virgin powder. These correspond with kno%ji values for virgin 
powder [29.111 however die% are at least 3 'C higher than the 
previously reported values for crvstal fornis of non-SLS pro- 
cessed Won 12 0 72- 185 C i. 
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As mentioned previously. the conclition% in the production of 
SLS Nylon 12 powderdiffer front tllok' required to form a -foini 
crvstal structure and this sugpsbi dial file endothernis obtained 
front the virgin powder relate to lite coninion y-fonn. On [lie 
basis that prolonged molecular niobililý increase, (lie iiwl( tem- 
perature it can therefore be inferred UiM [lie endo(hernis ielate it) 
the -i-form with far larger and more liertect crystal sinicture (due 
to increased hydrogen bonding) than pieviously analysed Ný lon 
12 speciniens. Additionally. Ishikawa and Nagai I 1tj denton- 
strafed that a singleendotherin in a DSC lesion Nylon 12isonly 
characteristic of a saniple containing I 001ý y crystal form since 
samples consisting of 100% a crystal form invariably develop a 
second melt peak during the DSC run due it) recrystallisation of 
a portion of the specimen to the -y crystal forin. The test parani- 
eters were the iatne as those used in (he present investigation 
supporting the, view that the crystal structure piesent iii %ii-pin 
SLS Nylon 12 material is of the- y crystal lorm. 
Fig. 3 sho%!, GPC results for Lboro and TNO virgin powder. 
The relative weight average molecular %eight is 90,000ghtiol 
forl-tiorovkIzin powderand 70.000ghnol forTNO, virgin pow- 
, Jet. The polydispersity Index Is 2.26 for Lboto viigin po%dei 
and 2.34 for TN,: ) virgin powder. Th, e small peaks oii the posi- 
live tail ofeach curve are possibly chaiacteristic ofanti-oxidant%, 
which " known lobe Nended %itilthe virgin Nylon 12 rKmder 
front EOS 1281 3nd therefoic presuniod to be (he same %% j(h AD 
Systems supplied powder. Higher molecular weight of the Lboo 
po%, derecKildtik-oreticii[IN-Iiiiwkrpr(ve%sing: iiitlthkisprt)pertws 
1301 however the difference is l(wa small to be significant, 
trfirshM and vOgin powder hi thermal anakvs and 
molecalar weýqltl Muth-sis 
Fig. 4 shows DSC results for virlaill and reirtshcd TNO pow- 
der. The refreshed powder shows a %ery light increase In melt 
temperature (< I ''C i indicating rnore perfect cry%tal% due to cry%- 
talline reoryan"tion. Crystallinity of the virgin and retrehod 
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Refteshed I-M rk, wder 
12() 140 160 [so 200 
Temperoture 4 
FjS. 4 DSCwwh%fmvipinmdrefmbedTNOp, ýdý 
powder was measured as 55% and 51%. respectively with 
nielt enthalpies of 115.7 and 106.6.1/g. respectively. The melt 
ernhalpy for 100% crystalline material was taken as 209.3J/g 
1311. The slight decrease in crystallinity with the refreshed pow- 
der instead of an increase supports the view that the increase in 
mell temperature is due to crystalline feorpnisation rather than 
increased crvstallinitv. The endotherm for the refreshed powder 
shows a slight 'bulge' to its left indicative of a polymotph likely 
due to the 113 virgin fraction of the blend. 
Fig. 5 shows GPC results for virgin and used TNO powder. 
The relative weight average molecular weight is 170,000g/mol 
for used TNO powder and 70.000gtmol for virgin TNO pow- 
der. The polydispersity index is 2.84 for used TNO powder and 
2.34 for virgin TNO powder. This increase in 2%, W11ge molecular 
weight and molecular weight distribuWn indicates that poly 
merization occurs in the "id state powder. This may be one 
of the mechanisms leading to modified sintering characteristics 
with the reuse of SILS powder. For example, reduced molecular 
motion due to increased molecular weight could hinder crystalli- 
sation 1181. Since the objective of this analysis was to determine 
effects of heating the powder without melfing. only the TNO 
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material was analysed. This was because it was expected that 
any change would be more pronounced than Aith the Lboro, 
material due to the increased thermal load on the material. 
3.2. Parts, 
3.2.1. Optical amah-sis qfpatl micmstructair 
Fig. 6 shows a micrograph of the cross-iection of a Lhoro part 
with annotations on the right hand side. The annotated features 
are also found on TNO specimens. 'Me top of the image shows 
the edge of the part to which unmollen particles have fused. 
Moeskopset al. 1321 have demonstrated how the part microstruc- 
lure is composed of particle mrits surrounded by spherulites. 
These cores were described as the unmolten central regions of 
particles occurring when particles do not receive enough heat to 
fully melt. Fig. 6 shows this and also shows spherulites without 
corets which formed from particles which were small enough to 
fully tmlt. Moeskop, % et al. [321 stated that the presence of these 
cores is believed to be critical to the properties and mechanical 
response of SLS processed materials. 
3.2.2. C"mPafi-ýt'litýf"ifVilip(, %, tteraiidipartsln-ther"i(iI 
analysis and molecular weýqht anati-sis 
Fig. 7 shows three superimposed sets of DSC results for TNO 
material. The results are for virgin powder. a part built from 
the virgin powder and 2 part huilt from virgin powder which 
%%as exposed twice (, a %econd exposure of the same area prior 
0 
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to deposition of the next laver) and which therefore received 
increased energý input. The curve for virgin powder is the same 
as in Fig. 4 and shows one melt peak at 189 ^C. The curve for 
the normal pail shows two peaks. smaller than the single peak, 
for %irgin rKm, der. The larger of these two is at 185 V and the 
smaller at 190 -C. The curve for the double exposed part only 
show s one peak %h ich is at 185 "C. 
ne interpretation ofFig. 7 is thatforparts the peaksat 185 ''C 
relate to ay crystal form. arising from the melting and crystalli- 
%ation of virgin pow der. The small peak at 190 -C for the parts 
represents a reduced total fraction of the initial -y-forni of the 
virgin material and demonstrates a shift of 190-189 -C. similar 
to that shown in Fig. 4 icomparing virgin and used powder). 
Fig. 8 show %a DSC curve for a Lboro part built from virgin 
powder and an optical image of one particle core with surrmind- 
ing sphenilite. This illustrates the concept that the DSC peak 
at 190'C directly represents the unmolten particle core 1 which 
is essentially therefore used powder material) and that the suir- 
rounding spherulitic region relates to the material which has 
been rnelled and then crystallised. 
Fig. 9 shou, GPC results for TNO %irgin powder and a 
part built front TNO virgin pow der. A disdrict increase of rel- 
alive molecular weight and molecular %%eight distribution due 
to polymerization is obserýed as quantified by an increase from 
70.000 to 230.000gimol %%eight average molecular weight and 
an increase from 2.34 to 3.32 for the polydispersity index. This 
increase in molecu1jr weight %% ith sintering might be desirable 
%ince higher molecular weight generally results in improved 
mechanical properties. Coinpating Fig. 9% ith Fig. 5 the inolec- 
ular weight of the used powder falls in between those for virgin 
powder and the part built from % irgin powder due to the nature 
of the polymeii, ation (i. e. -solid state and liquid state for used 
powder and part. respectivelyi. 
3.2J C(? ntlkiri3ottqfL-hon, iin(IT. %! Oporlsbiiiltfn)t? t 
vilgin pint det hi rhennal analvsvý and optical microscoln 
Fig. 10, hm s DSC result, lot TNO and Lboro parts Milt from 
virgin powder. The curve for the TNO part is the same curve for 
the 'Nornial part' in Fig. 7 showing two peaks. oneal 18.5and a 
smaller peak at 190 ''C. The curve for the Lboro part also show% 
two peaks. at 189 and IS I "C'. Both of the, sinaller peaks are ca. 
I `C higher than their respective peaks for %irgin niaierial% as 
show a in Fig. 2 demonstrating that the unniollen fiaction in tile 
part modifies in a similar manner to I10%' tile U111TWIted virgin 
powder modifies to its 'uwd* state. The difference between the 
larger peaks indicates significant difference in crystalsw- of the 
material melledmid crystallised foi (lie Lboro and TNO setups. 
This differenLe could arke from the different pararrietefs chmen 
for this studv (such as heatedJurtheated huild platform I and/or 
inherent differences between the machine setup. 
Fig. II shows nucrotonied sections of parts built from TNO 
virgin powder (a I. Lboro virgin powder (b) and parts injection 
moulded front virgin TNO powder icl. Compating the imageý 
for TNO and Lboro virgin material the LIKw) specimen shm's 
unniolten cores clearly contrasted again, ( the surrounding mate- 
rial which consists of an evenly distributed plietulitic structure. 
These cores are alio present In die TNO specimen but are less 
clearly defined. There is a clear step change between the core 
and the surrounding phaie for the Lboro specimen compared 
%kab a niote continuous chanpe froni one (L) (lie other foi the 
T-Nf-) Ixtri 
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TNO specimen. The Lboro specimen also has larger cores and 
therefore the increased volume fraction of crvstals (with a pre- 
dominant 189 "C melfing peak) % ithin the material may also 
contribute to variations in mechanical properties. 
The presence of cores may be inherent to SLS processed 
material but higher energy input ifor example TNO speci- 
nbensi reduces the core size. A higher 'degree of melting' 
occurring in the TNO specimen (Fig. II a) could indicate bet- 
ter fusiowsinterinF of partcles and hence superior mechanical 
properties. 17he injection moulded specimen clearly shows no 
particle cores and a much mom even and fine microstructure 
due to the feedstock being fully melted (and presumably more 
fluid) and follmed bv faster cooling. 
-ý2.4. MechanhalprvfwtTies 
Fig. 12 shows the results for elongation at break (EaB) for 
parts made u ith different powders on the different machines. 
Fig. 12 shows (for both TNO and Lboro parts) 2 significant 
increase in EaB (an indicator of ductility) for refreshed and used 
pouder compared with virgin powder. Distinct trends can be 
observed relaling increased EaB to higher proportions of used 
pcoAder and parameters selected for improved strength. These 
results match thow. of previous %tudies [ 13). 
The increased molecular weight of the used powder may be 
responsible for the improved ductility since it would directly 
relate to the molecular weight of thý particle cores and may 
have hindered crvstallisationofthe surrounding melted and crys- 
20 
Ii . 
rn  f'  _/ C, 
F. t. 12 Tem, l-kmj. &timatNv-k. 
tallised regions. The increase in EaB of Lboro refreshed part, 
from Lboro virgin parts is 94% of the virgin-part value. The 
increase for the TNO parts is only 361k. This may be due to 
the increased powder bed temperature for Lboro parts due to the 
adjustment foreach powdertype. However it could also relate to 
the larger ems and hence building with more used powder (i. e. 
reft, eshedl would have a more significant effect on mechanical 
properties. To reiterate. the larger the Lore the greater the %ignit- 
Icance of the pre-melting powder history (e. g. powder blend). 
Likewise, the smaller thecore 4 i. e. greater fraction ofnielted and 
crystallised region) the greater the significance of build related 
factors te. g. build parameters). 
Fig. 13 shows the results for ultimate tensile strength of part% 
made with different po%Lders on the different machines. Fig. I; 
indicates a difference in mechanical stress response between 
parts built front virgin, refreshed and used powder. The variation 
In ultimate tensile strength between virgin and refreshed [material 
is small however there is a nuarked increa%e in tensile strength 
for used powder. Tensile strength values are higher for the TNO 
parts reflecting the parameters used (see Table 4 ý. 
Fig. 14 shows the results for Young*s modulus tor parts made 
with different powders on the different machine. %. Fig. 14 shows 
parts from refreshed powder having almost the same Young'% 
modulus as parts from virgin powder for TNO part% but with 
Lboro parts the parts built with refreshed powder show a lower 
Young's modulus. Young's modulus values are %lightly higher 
fcw the TNO pan%. 
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4. Conclai%loii%and mcommendalkim 
Material, research in the context of improving repfc-dticibil- 
ity of properties in SLS %%as conducted by building parts using 
clifferýnl machines. with contrasting buil'd parameters and dif- 
ferent powders %% ith varying blends. This study cannot be used 
todirectly compare the morriachine-, since diftefentparaiiieters 
and pou der were used. To compare the machine, against each 
other a study could he perfornied using identical powder (front 
the same batch). buildingparts oneach machine us ing their corn- 
plele range of parameters. i. e. 'strong parts' and 'accurate parts' 
could be built on each machine and cornpared. 
Effects of th, %arious factorN on the rinicrostruLture of SLS 
part% were analysed. Paiarneters chosen for improved accuracy 
buill on a 3D Wterris machine (Lboro) resulted in well defined 
unniolten particle cores (% irgin niaterial), ind parameters chosen 
for improNed mechanical properties built on an EOS machine 
(TNO) gave a smoother transition between the tinmolten particle 
cores and the melled/crystallised region. These differences may 
be due to the processing conditions. bin could also be affected 
by inherent thermal conditions unique to each machine or to the 
specific lxy%k der material properties. 
The cr%qal structure of the material wws ime-stigated using 
DSC to identifý (lie crý%tal forinis. Unmolten particle cores were 
matched to used powder material and have. most likely. the 
-y crystal form. The melting point was measured between 188 
and 190 'C which is higher than coininionly reported values for 
non-SLS processed Nylon 12 indicating particularly large crys- 
tals. The nielled/mstallised regions were observed A ith lower 
niefting points ( 181 and 185 ''Ci than virgin powder %xhich lie 
within the known range for the -f-forrin. Both -y crystal forms 
were matched to distinct regions u ithin the material's observ- 
able rinicrostructure. The difference hemeen the melting points 
for the rnelwd/crý, Iallised regions are presurnably due to differ- 
ent thernial processing conditions. Slower ccoling for the TNO 
parts (due to par-anielers and/or inherent machine behaviour) 
likelý resulted in larger crystals heme the higher inelt point. 
Analvsis bv X-rav diffraction would allow detailed characteri- 
sation of the mstal structure. 
Relative molecular %%eight of powder and parts was reported 
on. A iFniticant increase in molecular weight was observed 
%L ith building parts and it %%as also shown to increase %L ith heat- 
inF of the powder below the II)elt point (used powderi due to 
solid state poý%rnerisation. Lbom virgin powder had a slightly 
higher molecular weight than TNO virgin powder though it% 
significance is uncertain. It shuRild be noted that hatch to hatc-11 
variation in ostensiblv identical poude[ ie. g. dilleiew hatches 
ofDuraform)has not been considered andsolhesignincanceof 
the variation between the Ltkiqx) and TNO poudei ohWived is 
currentiv unknown. 
The i nost signincant trends ohserved with mechanical plop- 
ertie, were the changes to EaH. TNO part, hipher FjB 
than Lhom parts and. within each group. timilding with used 
powder resulted in improved EaB. It is important to note that 
other important irnechanical propertieýs of SILS part, such as ten- 
sile strength and Young's modidus are similar to those obtained 
for tfaclitionally processed samples such ; is injection moulding 
while F-aB of S LS parts. however. lags fathehInd. This highlights 
the importance of investigating SILS material chalacteiistics in 
relation toEaB. [it this sWv increased molecular weight of used 
powder was related poitentially to impioved FaB of parts. Othet 
factot-s could also be considered however. This paper demon- 
strafed the variability typically encountered in SILS of NýIon 
12 material and provided cornmentaty and analysis, Molecu- 
far %%eight had been considered indirectly in other sludie, using 
the inelt flo%% procedure todetermine nk-H % isco%i(y. Thi, pie%em 
study provided average molecular weight values for tile first [jivie 
1k; weverfurthei study is required to understand pioperly (I)t iela- 
tionship betueen molecular weight and the %ariability obserAed 
in ineclianical propertim. In depth study in (his specinc area 
should comment of] such aspects as changes in Imnellae thick- 
ness distribution. chain entanglement Lit risity M)d lie-11101CCUle 
densim 
The porous nature of SILS parts is undemotxt to N at least 
partly responsible for the to%%, FaB relative to [flat tit conwil- 
tionally produced part, 1331. Ant, ther p(xen(ial msue is thal of 
various boundaries and Interface, within the part. The pres- 
ence cifunniciften particle cores leads loa conilmsile- like sirLj,: - 
lure. As such. inter-crystal-form and. perhaps. inter-%phertilitts 
interfaces may have varying influence on nk-chanical proper- 
ties. A strong inter-crystal-forril interfýite Owtueen particle core 
and surrounding itteltedkrystallised regioril could lead to the 
highly crystalline -y-forin being locked in a -y-fcwni rilatfix of 
the inelted/crystaflised region with the micro-leve-I mechanical 
properties oteach -f-form particle core having a strong positive 
effect at die macro-level. I. e. the mechanical properties Of lhe 
SLS part. A weak inter-crystal-tomi inleftace houe%er could 
lead toruptureofthe core frorn the matrix undei relanvely weak 
stress resulting in rapid crack formation ýjnd piropagation and 
thus inferior mechanical properties tich as lou FaB. i. e. Vwiltle- 
Further %L or k could focus on in depth chaiacm oalton tit the 
crystal forms present In SI-S proceýwd material and (1k, predw 
effects of diflerern prOCessilig and Olhef paraintActs Oil Ilk-W. 
It would he interesting to investigate nk-tht-J, to quantiO, the 
amount of particle corvs In specinions. Material interfaces. par- 
ticulaily that between file particle core and jnelleýVcrystalljwd 
region, ctxild also he investipated. Effects Of nwlectilar weight 
oil inelt viscoOty and theireffectsonprmv,,, ingand mechanical 
properties have not been discussed in duý report and %% ould ako 
be a tj,, seful topic to purNue. Thk paper considL rod reproklucitlil- 
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ity of mechanical properties however further work could also 
invest i gate geometry and accuracy issues since this isal%oimpor- 
tant to control. Research. such as the current paper, focuswd in 
thew various avenues can lead to improvements in reproducibil- 
ily using existing material and equipnwnt and % ill also be useful 
for developinp ne%% materials and hardware. 
Ackn,. m ledgement, 
The uork caiTied out at Loughborough Univer5ity was sup- 
ported by Solid Conce pis and 3D Systems. 
Riference, 
11] N Wrlon-m RIH, Haguie. PM D, &,, n,. in. N. Hopkin-a. RTH 
Hague. PM Dk&ený i Ed,, ). Rapid Manufacturing An InJu, tnal Re 
lution for the Ngital Age. John Sort, LAd. - -MIC, ppý 
1-4. ISBN 
I%_9784)_ý, (WI6J3_R 
12] 1W S- I., J P, -J,, M,, all 17 
Iýj P Dickeri, 
ý 
R Hague. R H. -,. N Hopkui, m. C. TueL. T W. hk-,.,. T 
W,, hk,,, Ed , Wýkfl- Report A-.. tl Inc. 2005. ISBN 
()_97 344214.1 J) 
141 H C, lo. d. M R, trritt. t. M M-w- P-ceduipol the -1002 
SLs U- 
Gr-p Conferenec on Uw of SLS Tehwkgý in Dinx( 
Manufacture of 
Hetutrig Aid,. San USA. Sert, rnl- 29-Oct. 1w, 2.2002 
151 M Sto, k.,,. A. toT-hn, [ 2,20020"0 
r, IB F- in N Hopkurrom RIH Hague. PM D,, -k, n, (Ed, ). Rapid 
Mart- 
ufactunnF An Industural Revolution for the Digital Age. Jhn Wiley 
Sort, Ltd. Xft. pp 221-231. ISBN 13-97IR-0-470-0160-8 
(7) J DeGirrilit. Procecdinpol the _10W 
SILSO Llý G-p Conicrence on 
Paradigm Shift tirm Rapid PrvitotypLng it, Direct Manufacturing. Dstim. 
LISA. Septerriký, 15.24W 
181 JF Kruth. X %% ang. T Laoui. L, Froyen. A-entily Autorm 13 14) 1 -V)31 
3 57- 171 
191 EDD, &- It D Printer. B, L Lee. GA Taylor- AI NF. Mg-,, 
KP klAte. Hendra. PF Fe, derh-. Sutter. Ne fo. de, 
. -J -r-fulh 
denw article forrried there%ith. United State, Patent No 
6.1 161.948 1&t,, K-r 24. Xft, 
[101 Y ShiýZ Lj. H Sum S. Humg. F Zertg. hý Inst. M. ýh Eng, 218 (Part 
L,, _IOCWý 
147-'52 
III] H H-ShoJmM 
L-i BI Oun, 12.20011 
(121 RH B-d. PJ Philip, The S,. -, of Polý- Mol-ul- Civah-JIFt, 
Llno, e-iý Ne- 1993. ISBN 
113) TJ Gonwt. KRD., .. Tt Start. K M. Mulloy. P,, -,, d. ng, of the Solid 
Freefor. Fhiricauoii S, on Char,. w. -no. of S",,, t, v, L-, r 
Simmilit NbIt-Al, w Detennine Pn- SLlhjIgN. Llnn%vr, m ,I Tc- In 
Atimul. USA. '002 
[141 J Baidnm. F Lednwký. in R Puth ý, KuK-k &d, iI ýtani. K-d 
P,, I, =, d,,. -1 1. CRC P, -,. 1941. pi, 1 41-185. ISBN 118493-44654, 
1151 S Ii Ah-wu. Prxýp,, t. -I 12 N, i--N, km, Ilwar SNnill, -. Suwttr, 
-d Pirol-u- J. hn Wdo & Son, 1997. ISBN 0411 
[161 T Nhik- S N, V,,, 
ý Polyn, S,, P,, I,.. Ph- Ed IM 11W)) 
141 1-1419 
[171 U in MIK,, h. n d_j .. N, I., n PI.,,,,,, FI.. Jt-I,. 
H--/G. dn. Ptlbl-non, IiN5. pp 582-59L ISBN I-R, 940-IM4-4 
[181 T "lk-ý S N, ig- ). R, ho, Set Poly. Ph. ý, Ed IN I IYV)i _191- 
291) 
191 Ll M. th-. CG 
[201 C R. -h. M-. un'd,, . 1- 12 OWN) 57114-57(k) C,, rn-n-m, u,, lo 
the 
[211 E, Xv,, jkluk- ES CLuk. in MIK,, hm (Ed1j, W. un PW- 1-1-it-A. 
H--/G-(n- PUhI1. Il1l- 11045. ISBN 189-4 
[221 J. P All P BI J, I. P D, -,,,. 1--- ill, ln, hutli I-ni -j mup, 
,, I owliull; . 11.4ý-nk, 6ý . -tvii LInacd StA- P-Apph- 
Puhhýx, -. Put, N. LIS 2(XWAI 131144 A 10.1,15. ZIKW I 
[231 N Hopkul-ra. H Z-, mghaL-, P-eWull I (he COMA IW Intel. 
uwwl Cvfvv, a-u% G, nipetmv, M-ufýmmir. Swil-I. -Il S, uth 
All M-jry. 204 
[241 N, Sii, hý S M-- RT l-Ltk, -. P-durly-4 the S. -hd Fýk, 
-tl- Sýnnp-m on 1.1-1q. Wilt nl,, ill,, Me, 1-i-I M, pwic, ot 
Rapid MmuWunny MateriiJ, Unn%c-t% ., I I'- inAtimun. Tcxa,. LISA. 
200i 
[251 1 Git-ul. S D,, rigping. R, I,, J P,, x, xNp 1 1,4 1,19,17,1-19-136 
[261 A, E T-u-,. THC Child,. )Lip, d P,, 4, -I, p J 70-10011 180-194 
1271 3D DuwF, -n PA -J G1 f- SLS 
hup /I. .. 3d" q'nn' -vp-lu, 
DuraR'fllt-Ltk NI k--, J N-vilibi 21MI'l, 
1281 EOS GnihH. Pr,, dui In1twirlinion EOSINT P/PA2200-Puk- KbnuI- 
tumr Supplied klm-d, DAIA Sheet. 21AI5 
1241 T G-vt. in IN H, pkai, on. RIH Hajl- PKI 1). k-, i Ed, . 
R, tpid 
Molnul-muk. A. R-. I 1- 1,,, he Dqu. d AF, h, hn Wile, 
& Son, Lid . 
2()1w pp 12ý-Wn ISBN I 1ý97? WI-47(14)161 %-N 
1301 WE r-kl-. N%I,,. Pl-l,,, Tehnok. g), N-ýBuu-, vth, 1476. 
1 SB No 408 011251 4 
(311 S. C,. g,, I-, ki, K Cz,, ru-k.. M Ga--k. 6-11,, id P,, IN, n So 25,9 
, 1490,1130- 11 Ih 
1321 E M-k,, Iý. N K, uupv.. -. B-J, N16m. R K. -p; V,.,. P--'j- 
inF, M the Solid Fr-1-nn Fatýcllj- %)m; -uni - C-p Hehj%iour 
M R, Iý-, Jv .. I- Smw-j, I oI T- in Auqul. 
T, -,. USAý -NN)4 
13ý1 D B, ýurclt. in N H,, Vktnin, RIH Hque. I'M Di, kca, i Ed, I. Rapid 
klantif, wturinlir An Indtawial R-Auti- 1,, i ill, "yit. d AF, John %Viicý 
& S,, n, Ltd. _NXIC, pp 81-102, 
ISBN i X-978-11-470-01613-8 
214 
Appendix 7. Comparison of micrographs in polarised 
and un-polarised mode 
Figure 158 Un-polarised x40 magnification (Fill Laser Power - Low) 
Figure 159 Polarised x40 magnification (Fill Laser Power - 
Low) 
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Figure 160 Un-polarised xIO magnification (Fill Laser Power - Low) 
Figure 161 Polarised xlO magnification (Fill Laser Power - Low) 
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Appendix 8. Original DSC traces for Chapter 8 
Shown below are the original DSC traces used to generate the 'averaged' traces in 
Chapter 8. For each test the 5 DSC runs performed are superimposed on single charts. 
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Figure 162 Original DSC traces for 'Default' 
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Figure 163 Original DSC traces for 'Part Heater Set Point - High (150)' 
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Figure 164 Original DSC traces for 'Part Heater Set Point - Low (146)' 
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Figure 165 Original DSC traces for 'Slicer Fill Scan Spacing - High (0.13mm)l 
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Figure 166 Original DSC traces for 'Slicer Fill Scan Spacing - Low (0.17mm)l 
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Figure 167 Original DSC traces for'Fill Laser Power - High (13.5W) 
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Figure 168 Original DSC traces for 'Fill Laser Power - Low (9.5W) 
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Figure 169 Original DSC traces for 'Fill Scan Count - High (2) 
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221 
40 60 80 100 12U 14U IOU I 2SU zUU zzv 
Temperature (*C) 
eq 
(14 
C14 
Cl) 
. - 
U 
Cl) 
P 
"0 
00 
"t r, rý, r- Zý r- 
Ci 
6n r- 
"ý 
It 
lzý 
11" 
I: 
C: ) 
- 
10 
M 
v" cs -4 CS -4 (ZS -: (:: 
s 
10 
0 40 9 -4 "D 
en 
00 
tn 
t1r) 
ýc 
00 
1ý0 
00 
14 
00 C14 
t- 
r- 
tr; ý. 6 wi ý. 6 tr; r-: ý6 
Q 44 
as cý kn Cý en r- 00 00 M 
Cý 
-, 
N 
J: 
0, 
00 
'n 
C'j 
CN 4-1 
Cý 
C7, 
00 
- 
-4 
Cý 
-4 
In 
ON 
*6 
t": 
00 
-. 4 
en 
'It 
00 
(Z: ý 
llzt 
r- r- (:: s r- CS tý Cs r C-S rý (::: s 
cc 
Q 
9 
W) M (Z: ) kn N Q 
Iq Cý 1-11 r- C) (Z> Cý (z 
= = Cýl CS c; CS 6 cz; C5 cz; C) cs 6 cs C; cs 6 C; 0 CS 
. SF A., U 
(0 00 (7, 00 17" 
eq ci m 0 m 
9L4 
l ul 
M , u 
-1 -1 -) 1-1 - tn -I 'n In 
cl \0 
-, I. 00 CS 00 (ZS coo C: S 00 (:: s 00 <: s 00 cs 00 cs 
" . --ý o w! 'o 17ý 4Z ) r! 0, --: 0ý 
00 
": 00 -4 
C14 tn 
. ON 
tn 
t 
-4 '1' tn 
' cs -4 10 _4 en tn . ý4 ý 1ý0 cs -tt kn cs mt 1.0 ý4 
Cý 
C', 
00 
CN 
2ý 
0 ; :: s tfi :: s 4 Z; 4 cz; 4 cs wi Z; 'r; ýý W; C. -, 4 C; 
c:, cc 
> P 
1 
P 
&, i 
1 
> 
-ý 
Q 
&, o 
1ý '" C14 N m fn --t "t tt) In ID %0 t- t- 00 00 CN ON 
00 0. u u 
wo 04 04 cn W) am I glo I W) W) I I ; To I I Wo I I ;,; ý I I Pw I 
U 
rID 
I- 
ýxo 
223 
